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Fraydoon  Rastinejad  Final  Report  (Addendum!  DAMD17-00-1-0048 

Structure-Function  Studies  of  Androgen  Receptor 

DNA  Binding  Region 


INTRODUCTION 

The  androgen  receptor  (AR)  is  a  member  of  the  nuclear  hormone 
receptor  superfamily,  a  class  of  ligand-activated  gene-regulatory 
factors.  Nuclear  receptors,  including  AR,  regulate  gene  expression 
through  specific  DNA  binding  sites  known  as  hormone  response 
elements.  The  nuclear  receptors  consist  of  modular  domains, 
including  a  central  and  well-conserved  region  known  as  the  DNA- 
binding  domain  (DBD),  an  un-conserved  C-terminal  extension 
known  as  the  hinge  region,  and  a  C-terminal  portion  known  as  the 
ligand-binding  domain  (LBD)  [see  Figure  1].  The  DBD  imparts  the 
receptor’s  entire  DNA-binding  specificity  and  selectivity.  The  LBD 
allows  receptors  to  bind  to  ligands  and  coregulator  proteins.  The  AR 
is  a  good  drug  target  for  current  and  future  anti-prostate  cancer 
therapy,  because  it  is  responsible  for  the  growth  and  differentiation 
of  the  normal  and  cancerous  cells  of  the  prostate. 

The  DBDs  within  the  nuclear  receptor  family  may  be  classified  into 
distinct  groups  based  on  the  geometry  of  their  target  DNA  binding 
sites  (also  known  as  hormone  response  elements).  Class-I  receptors 
bind  to  hormone  response  elements  that  consist  of  an  inverted  (or 
palindromic)  repeat  of  the  hexamer  AGGTCA  or  AGTTCA  (see  Figure 
1).  In  this  group  is  AR  homodimer,  the  glucocorticoid  receptor  (GR) 
homodimer,  the  mineralocorticoid  receptor  (MR)  homodimer,  and 
the  Ecdysone  receptor-Ultraspiracle  (EcR-Usp)  heterodimer.  Class-II 
receptors  are  those  that  bind  to  direct  repeats  of  the  same 
hexameric  sequences.  These  members  are  generally  the  receptors 
that  form  heterodimers  with  the  retinoid-X-receptor  (RXR),  such  as 
the  thyroid  hormone  receptor  (TR),  the  vitamin  D  receptor  (VDR), 
and  the  all-trans  retinoic  acid  receptor  (RAR).  Our  lab  has 
previously  characterized  a  number  of  new  crystal  structures  for  the 
type-II  receptors  in  which  the  DBDs  of  RXR  and  its  partners  were 
assembled  on  direct-repeat  hormone  response  elements. 

Prior  to  starting  the  studies  in  this  proposal,  the  DBDs  had  been 
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viewed  as  having  only  one  type  of  function,  that  of  targeting  the 
receptors  to  their  correct  DNA  sites.  Therefore,  we  sought  to 
investigate  other  possible  functions  associated  with  the  DBDs,  and 
uncovered  a  previously  unknown  role  in  nuclear  export.  We  also 
characterized  and  reported  on  the  other  protein  players  responsible 
for  the  export  of  AR.  These  studies  have  produced  significant 
impact  on  the  field,  as  there  was  no  previous  knowledge  available 
regarding  how  nuclear  receptors  exit  the  nucleus. 


In  terms  of  the  characterizing  the  structures  of  the  DBDs,  we  have 
been  pursuing  the  goal  of  providing  a  detailed  crystallographic 
model  of  how  the  AR  DBD  and  in  general  the  other  class-I  receptors 
are  able  to  form  homodimers  on  their  consensus  type  response 
element.  Due  to  intractable  diffraction  limitations  with  respect  to 
the  AR  complex,  we  instead  pushed  forward  and  determined 
another  class-I  receptor/DNA  complex  structure  that  we  know 
shares  all  of  the  essential  hallmarks  associated  with  the  AR/DNA 
complex.  In  addition,  we  went  beyond  all  of  the  aims  in  the 
original  proposal  by  attempting  to  extend  the  known  structural 
features  reported  by  another  group  on  the  AR  ligand-binding 
domain  (LBD).  In  that  structure,  there  was  no  coactivator  present  in 
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Figure  1:  The  domain  structure  of  the  androgen  receptor  and  the  inverted-repeat 
geometry  and  sequence  of  its  hormone  response  element  (DNA-binding  site). 

the  crystal  structure  and  thus  no  lessons  as  to  how  a  steroidal 
molecule  activates  the  AR.  Again,  by  focus  on  a  highly  related 
steroid  receptor,  FXR,  we  were  able  to  gain  important  new  structural 
insights  as  to  how  steroids  are  likely  to  reshape  the  LBD 
configuration  to  recruit  the  binding  of  LXXLL  motifs  associated  with 
the  pi 60  protein  of  coactivators. 
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BODY  and  Key  Research  Accomplishments 

DNA-Binding  Domain  Functional  Characterization 

(Appendix-1,  Black  et  al..  2001)  contains  our  first  reported  findings. 
In  this  study,  we  were  able  to  identify  the  location  of  the  nuclear 
export  signals  (NES)  within  the  AR,  and  also  within  closely  related 
receptors  and  to  characterize  their  functions  related  to  their  nuclear 
export  pathway.  We  found  that  the  core  DBD  region  of  AR  and 
this  receptor,  which  are  closely  homologous  to  each  other  but 
unrelated  to  any  known  NES,  are  the  regions  that  are  directly 
responsible  for  their  nuclear  export.  Mutational  analysis  revealed 
that  a  15  amino  acid  sequence  between  the  two  zinc  binding  loops 
in  the  DBD  confers  nuclear  export  to  a  green-fluorescence  protein 
construct,  and  alanine-scanning  mutagenesis  was  used  to  identify 
the  residues  within  this  sequence  that  are  critical  for  export.  We 
went  on  to  test  and  show  that  the  DBDs  from  ten  different  nuclear 
receptors  all  function  as  the  same  export  signal.  Our  findings 
guided  us  to  propose  that  NLS-mediated  import  and  DBD- 
mediated  export  define  a  shuttling  cycle  that  integrates  the 
compartmentalization  and  activity  of  nuclear  receptors. 

(Appendix-2,  Holaska  et  al.  2002)  contains  our  second  published 
report  which  describes  how  we  have  recently  characterized  a 
pathway  for  nuclear  export  of  the  nuclear  receptors  in  mammalian 
cells.  This  pathway  involves  the  Ca(2+)  -binding  protein 
calreticulin  (CRT),  which  directly  contacts  the  DNA  binding 
domain  (DBD)  of  AR,  and  related  receptors  and  allows  their 
transport  from  the  nucleus  to  cytoplasm.  We  examined  a  role  of 
Ca(2+)  in  CRT-dependent  export  of  these  receptors.  Removing 
Ca(2+)  from  CRT  inhibits  the  stimulation  of  the  nuclear  export,  an 
effect  due  to  the  failure  of  CRT  to  bind  the  DBD  of  these 
receptors.  These  effects  are  reversible,  when  there  is  a  restoration 
of  Ca(2+).  Depletion  of  intracellular  Ca(2+)  inhibits  receptor 
export  in  intact  cells  under  conditions  that  do  not  inhibit  other 
nuclear  transport  pathways.  We  also  found  that  the  Ran  GTPase  is 
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not  required  for  GR  export.  It  appears  that  the  nuclear  export 
pathway  used  by  steroid  hormone  receptors  are  most  likely  distinct 
from  the  Crml  pathway.  Our  data  has  been  leading  us  to  consider 
whether  signaling  events  that  increase  Ca(2+)  could  positively 
regulate  CRT  and  inhibit  GR  function  through  nuclear  export. 

DNA-Binding  Domain  Structural  Characterization 

We  obtained  crystals  of  the  AR-DBD/DNA  which  were  small  and 
generally  poorly  diffracting  (see  Figure  2).  To  improve  the  quality 
of  the  crystals  and  to  obtain  a  high-resolution  structure,  we 
attempted  a  series  of  different  approaches.  First,  we  made  a  series 
of  new  protein  expression  constructs.  The  rationale  was  that 
perhaps  additional  sequences  C-terminal  to  the  core  DBD  would 
enhance  DNA  binding  and  stabilize  the  complex  and  the  crystal 
lattice.  Five  different  constructs  were  made  in  our  laboratory,  each 
with  a  common  N-terminal  (His) 6  tag  for  purification.  Each  of  the 
five  new  constructs  contained  the  core  DBD  region,  plus  0,  10,  20, 
30,  41  residues  of  hinge  regions,  respectively.  The  purification 
involved  an  initial  Ni-NTA  column  followed  by  a  S-column  (cation 
exchange).  These  constructs  are  cloned  into  pET16b  vector,  and 
expressed  in  BL21DE3  strain.  A  Ni-NTA  column  and  an  S  column  are 
used  to  purify  the  proteins. 

In  each  case,  we  did  obtain  good  protein  yields,  and  could  purify 
the  AR-DBDs  effectively  as  described  above  (see  Figure  4  for  an 
example).  Moreover,  we  tested  and  attempted  to  confirm  that  each 
of  these  AR  DBD  polypeptides  retained  the  ability  to  bind  DNA  (see 
Figure  5).  A  surprising  finding  was  that  in  essentially  all  cases,  the 
binding  to  an  Androgen  Response  element  (ARE)  could  be  competed 
out  with  excess  non-specific  DNA  (Figure  5).  This  was  disturbing 
and  suggested  that  the  reason  we  may  have  been  unable  to  get  well- 


Figure  2:  Preliminary  crystals  of  the  AR-DBD  in  complex  with  a  consensus  inverted-repeat-3  DNA 
diffracted  poorly  when  tested  at  home  with  a  Rigaku-RU2HR  X-ray  generator  B:  crystals  of  the 
‘extended’  complex  involving  the  27  base  pair  natural  (probasin  gene)  AR  response  element,  with  AR 
DBD  with  a  longer  hinge  region  also  diffracted  poorly. 

diffracting  crystals  was  the  AR-DBD  was  binding  the  synthetic  DNA 
in  the  crystallization  mixture  using  a  non-specific  binding  mode. 

We  then  set  out  to  vary  the  type  of  DNA  used  in  the  crystallization 
with  the  hope  that  we  could  identify  a  more  suitable  binding  site 
which  would  promote  very  tight  and  specific  binding  with  the  AR- 
DBD.  In  particular,  we  examined  the  probasin  gene  which  contains 
more  than  one  AR  binding  element.  Using  additional  DNA  synthetic 
constructs  corresponding  to  these  AREs,  we  again  were  unable  to 
show  very  strong  and  specific  binding  which  was  not  easily 
competed  out  with  non-specific  DNA. 


These  efforts  to  produce  stable  protein-DNA  complexes  of  AR 
continued  without  much  success  over  the  first  two  years.  In  the  past 
year,  we  switched  our  strategy  by  focusing  instead  on  another 
steroid  receptor  DBD  /DNA  complex  which  we  felt  shared  most  of 
the  hallmarks  that  are  associated  with  AR.  This  work  has  recently 
led  to  our  determination  and  refinement  of  a  high  resolution  (2.4  A) 
crystal  structure  of  the  EcR-Usp  heterodimer  bound  to  a  symmetric 
DNA  site  related  to  the  Androgen-response  elements. 
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Figure  3:  AR-DBD  protein  constructs  made  to  improve  crystal  quality  and  diffraction. 
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Figure  4:  typical  protein  purification  of  AR-DBDs.  Construct  5  is  purified  from  a 
Pharmacia  Fast-S  column  Lanes  1-3  show  the  peak  fractions  eluted  with  300  mM 
NaCl  containing  buffer.  Lane  4  show  molecular  weight  markers. 


Figure  5:  Gel  shift  analysis  of  the  binding  of  Construct  5  (see  Figures  3  and  4  to 
DNA.  Lane  1:  Free  DNA  (ARE2;  40nM);  lane  2:  DNA:  AR-DB  at  ratio  of  1:  15  (mol 
ratio)  lane  3:  Same  as  lane  2  but  with  2uM  poly  dldC;  lane  4:  ARE  DNA  to  AR-DBD 
ratio  of  1:  30. 

Figure  6  shows  our  recently  determined  crystal  structure  of  the  EcR- 
Usp  complex  bound  to  a  synthetic  symmetric  DNA  element  (see 
Appendix  3.  Devarakonda  et  aL .  2003)-  having  the  same  half-site 
geometry  and  arrangement  as  a  consensus  ARE.  The  following 
lessons  learned  from  the  analysis  of  this  complex  are  expected  in 
the  AR  DBD  complex  on  its  symmetric  element.  First,  the  DBDs  use 
an  alpha-helix  to  engage  the  major  groove  of  their  core  hexameric 
site.  These  portion  of  the  receptor  DBD,  (“the  recognition  helix’)  is 
nearly  identical  in  amino-acid  sequence  between  the  AR,  Usp  and 
Ecr.  Second,  the  subunits  form  a  dimeric  arrangement  in  which  the 
Zn-II  loops  of  the  two  subunits  form  their  protein-protein 
interactions,  and  these  are  likely  to  be  the  same  regions  used  by  the 
AR.  Finally,  the  subunits  cooperate  to  bind  their  element  by  using 
the  inter-protein  contacts  so  that  the  binding  of  one  subunit 
stabilizes  and  enhances  the  effectiveness  of  the  binding  of  the 
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second  subunit.  We  then  carried  out  a  detailed  mutagenesis  study  t 
to  understand  to  what  extent  both  the  conserved  and  unique 
residues  from  a  DBD  confer  DNA  recognition  (see  Appendix  4, 
Orlowski  et  al,  2004  in  press). 


Figure  6:  Two  views  of  the  EcR-Usp  DNA-binding  complex  on  their  symmetric  repeat  DNA  site.  The 
major  determinants  for  DNA  recognition  and  protein  dimerization  are  likely  to  be  closely  shared  with  the 
AR.  The  green  spheres  show  the  positions  of  the  two  Zn  atoms,  which  nucleate  a  Zn-I  and  a  Zn-II  loop. 


Understanding  additional  Structural  and  Functional 
Attributes  of  AR 

While  we  were  carrying  out  our  work  on  the  DBD  portion  of  the  AR, 
we  noticed  that  the  some  related  structural  work  on  the  distinct  LBD 
portion  was  reported  by  another  group  (ref  1).  That  study  showed 
how  androgens  bind  to  the  pocket  of  the  AR-LBD.  However,  there 
were  many  unanswered  questions.  Among  these  was  how  the  ligand 
alters  the  conformation  so  that  the  LBD  can  recruit  pi 60 
coactivators  to  bind  to  its  surface.  The  binding  of  pi 60  coactivators 
to  AR  is  a  direct  functional  consequence  of  steroid  activation  and  is 
required  for  AR  function.  While  it  had  been  known  that  the  pi 60 
proteins  rely  on  discrete  LXXLL  motifs  (where  L  is  leucine  and  X  is 
any  residue)  within  their  sequence  to  bind  to  steroid  receptors, 
there  was  little  structural  insight  on  how  this  was  actually  done. 
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Therefore,  we  studied  the  LBD  of  the  nuclear  receptor  FXR,  which 
also  binds  to  steroids  like  the  AR.  We  recently  reported  (see 
Appendix  5,  Mi  ef  aA.  2003)  the  structure  of  this  LBD  bound  to  both 
its  steroidal  ligand  and  to  pi 60  protein  derived  LXXLL  motifs.  In  the 
paper,  we  describe  the  similarities  with  the  AR  as  well  as  the 
mechanism  of  how  helix- 12  in  these  receptors  can  be  forced  in  an 
agonist  conformation  that  supports  LXXLL  sequence  binding  on  the 
surface  of  the  LBD.  New  and  unexpected  were  the  findings  that  two 
LXXLL  motifs  could  bind  simultaneously  to  the  surface  of  the  FXR  by 
forming  cooperative  interactions  with  each  other  and  the  LBD. 

These  results  are  now  prompting  us  to  examine,  using  a  mutagenesis 
study,  whether  the  AR  LBD  can  also  accommodate  the  binding  of 
two  pi 60  motifs  in  the  presence  of  ligands. 

Reportable  Outcomes 

A)  Five  E.  coli  over-expression  clones  for  producing  AR-DBD. 

B)  Publications  and  Manuscripts  Pending  Publication: 

i)  Black,  B.E.,  Holaska,  J.M,  Rastinejad,  F.,  Paschal,  B.M. 

DNA  binding  domains  in  diverse  nuclear  receptors  function  as 
nuclear  export  signals.  Current  Biology,  11:  1749-1758 
(2001). 

ii)  Holaska,  J.M.,  Black,  B.E.,  Rastinejad,  F.,  Paschal,  B.M. 

Ca2+  regulates  the  nuclear  export  activity  of  calreticulin. 

Mol.  Cell  Biol.  22:6286-97  (2002) 

iii)  Devarakonda,  S.,  Harp,  J.M.,  Kim,  Y.,  Ozyhar,  O.,  and 
Rastinejad,  F.  Crystal  structure  of  the  EcR-Usp  DNA  binding 
complex  and  its  relationship  to  the  other  steroid  receptors. 
EMBO  J.  22:  5827-5840. 

iv)  Orlowski,  M.,  Szyska,  M.,  Kowalska,  A.,  Grad,  I.,  Zoglowek,  A., 
Rymarczyk,  G.,  Dobryszycki,  P,  Drowarsch,  D.,  Kochman  M., 
Rastinejad,  F.,  Ozyhar,  A.  Mol.  Endo.  In  press  (2004) 

v)  Mi,  L,  Devarakonda,  S,  Harp,  J.M.,  Han,  Q.,  Pellicciari, 

R.  Willson,  T.,  Khorasanizadeh,  S.,  Rastinejad  F. 
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Structural  basis  for  bile  acid  binding  and  activation  of 
the  nuclear  receptor  FXR. 

Molecular  Cell,  11:1093-11:00.  (2003). 


Conclusions: 

The  three  years  of  funding  plus  the  one  additional  year  of  no-cost 
extension  (addendum)  have  seen  exciting  results  from  our 
laboratory  in  understanding  the  structure  and  function  of  AR 
domains.  We  have  characterized  an  important  and  previously 
unknown  function  associated  with  the  DNA-binding  domain.  While 
our  structural  work  on  the  AR/DNA  complex  has  been  difficult,  we 
were  able  to  solve  the  corresponding  structure  of  another,  highly 
related  DBD/DNA  complex  that  shows  the  essential  hallmarks 
associated  with  the  AR  protein.  Finally,  we  have  also  studied  the 
LBD  regions  of  steroid  receptors  and  have  uncovered  new 
mechanisms  by  which  the  AR  and  related  members  of  the 
superfamily  are  activated  by  their  steroidal  ligands  to  bind  to  pi 60 
coactivator  proteins. 
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DNA  binding  domains  in  diverse  nuclear  receptors  function  as 
nuclear  export  signals 

Ben  E.  Black***,  James  M.  Holaska*,  Fraydoon  Rastinejad**§ 
and  Bryce  M.  Paschal*1* 


Background:  The  nuclear  receptor  superfamily  of  transcription  factors 
directs  gene  expression  through  DNA  sequence-specific  interactions  with 
target  genes.  Nuclear  import  of  these  receptors  involves  recognition  of  a 
nuclear  localization  signal  (NLS)  by  importins,  which  mediate  translocation  into 
the  nucleus.  Nuclear  receptors  lack  a  leucine-rich  nuclear  export  signal 
(NES),  and  export  is  insensitive  to  leptomycin  B,  indicating  that  nuclear 
export  is  not  mediated  by  Crml. 

Results:  We  set  out  to  define  the  NES  in  the  glucocorticoid  receptor  (GR) 
and  to  characterize  the  export  pathway.  We  found  that  the  69  amino  acid 
DNA  binding  domain  (DBD)  of  GR,  which  is  unrelated  to  any  known  NES, 
is  necessary  and  sufficient  for  export.  Mutational  analysis  revealed  that  a 
15  amino  acid  sequence  between  the  two  zinc  binding  loops  in  the  GR- 
DBD  confers  nuclear  export  to  a  GFP  reporter  protein,  and  alanine¬ 
scanning  mutagenesis  was  used  to  identify  the  residues  within  this  sequence 
that  are  critical  for  export.  The  DBD  is  highly  related  (41 0/0-88%  identity)  in 
steroid,  nonsteroid,  and  orphan  nuclear  receptors,  and  we  found  that  the 
DBDs  from  ten  different  nuclear  receptors  all  function  as  export  signals. 
DBD-dependent  nuclear  export  is  saturable,  and  prolonged  nuclear 
localization  of  the  GR  increases  its  transcriptional  activity. 
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Conclusions:  Multiple  members  of  the  nuclear  receptor  superfamily  use  a 
common  pathway  to  exit  the  nucleus.  We  propose  that  NLS-mediated 
import  and  DBD-mediated  export  define  a  shuttling  cycle  that  integrates  the 
compartmentalization  and  activity  of  nuclear  receptors. 


Background 

Nuclear  receptors  contain  a  structurally  conserved  DBD 
that  contacts  the  respective  DNA  response  element 
within  enhancers  of  target  genes  [1-3].  Ligand-occupied 
nuclear  receptors  interact  with  transcriptional  coactiva¬ 
tors,  whereas  ligand-free  nuclear  receptors  interact  with 
transcriptional  repressors.  Ligand  binding  has,  in  addition, 
a  profound  influence  on  the  subcellular  distribution  of 
certain  nuclear  receptors  [4],  Glucocorticoid  binding  to 
GR  induces  receptor  translocation  from  the  cytoplasm  to 
the  nucleus  [5],  and  androgen  induces  translocation  of 
the  androgen  receptor  (AR)  to  the  nucleus  as  well  [6]. 
Nuclear  import  occurs  because  ligand  binding  to  nuclear 
receptors  releases  chaperones  and  exposes  one  or  more 
NLSs.  GR  contains  two  ligand-regulated  NLSs,  one  of 
which  is  located  in  the  hinge  region  adjacent  to  the  DBD 
[5].  The  NLS  is,  in  turn,  recognized  by  nuclear  import 
factors  that  facilitate  translocation  of  the  nuclear  receptor 
through  the  nuclear  pore  complex  and  delivery  to  the 
nucleoplasm  [7,  8]. 

Certain  nuclear  receptors  have  also  been  shown  to  un¬ 
dergo  export  from  the  nucleus.  Hormone  withdrawal  from 


cells  induces  the  cytoplasmic  accumulation  of  GR  and 
AR  [6,  9].  Moreover,  in  the  presence  of  ligand  where 
nuclear  receptors  appear  constitutively  nuclear,  GR,  AR, 
thyroid  hormone  receptor  (TR),  and  the  progesterone 
receptor  (PR)  are  rapidly  shuttling  between  the  nucleus 
and  cytoplasm  [6,  10-13].  Because  the  sizes  of  these  and 
other  nuclear  receptors  (43-90  kDa)  exceeds  the  mo¬ 
lecular  weight  cutoff  for  simple  diffusion  through  the 
nuclear  pore,  it  has  been  inferred  that  nuclear  export  of 
nuclear  receptors  is  a  facilitated  process.  The  balance  of  nu¬ 
clear  import  and  export  could  be  an  important  mechanism 
for  regulating  the  transactivation  potential  of  nuclear  re¬ 
ceptors.  Indeed,  selective  nuclear  localization  of  factors 
involved  in  signal  transduction  and  transcription  has 
emerged  as  an  important  regulatory  step  in  several  biologi¬ 
cal  pathways  [14]. 

The  best-characterized  nuclear  export  pathway  uses  Crml 
as  a  receptor  for  proteins  that  contain  a  leucine-rich  NES. 
Nuclear  receptors  such  as  GR,  AR,  TR,  and  PR  do  not, 
however,  contain  a  leucine-rich  NES,  suggesting  that 
these  proteins  are  not  transport  substrates  for  Crml.  This 
view  is  corroborated  by  the  observation  that  the  Crml- 
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specific  inhibitor  leptomycin  B  does  not  inhibit  nuclear 
export  of  GR,  PR,  AR,  or  TR  in  mammalian  cells  [9,  13, 
15-17].  Recent  insight  into  how  nuclear  receptors  may 
exit  the  nucleus  came  from  a  biochemical  screen  for  nu¬ 
clear  export  factors  present  in  extracts  prepared  from 
mammalian  cells  [17].  The  calcium  binding  protein  calrci- 
iculin  (CRT)  was  identified  as  a  factor  that  stimulates 
nuclear  export  of  proteins  that  contain  a  leucine-rich  NFS 
[17].  The  previous  link  between  CRT  and  dmvnregula- 
tion  of  GR,  AR,  all-trans  retinoic  acid  receptor  (RAR),  and 
vitamin  D  receptor  (VDR)  transcriptional  activity  |  IK-20] 
suggested  a  potential  role  in  the  export  of  nuclear  recep¬ 
tors  as  well,  despite  the  absence  of  a  leueinc-rich  NKS 
in  these  proteins.  Recombinant  CRT  stimulates  nudeai 
export  of  GR  in  permeabilized  cell  assays,  and  (JR  export, 
which  is  deficient  in  crt~!~  cells,  can  be  complemented 
by  back-transfecting  CRT  [3  7]. 

Here  we  characterize  the  signal  for  nuclear  export  of  GR, 
which  is  contained  within  its  DBD.  Moreover,  the  DBD 
functions  as  the  export  signal  in  multiple  steroid,  nonste¬ 
roid,  and  orphan  nuclear  receptor  family  members.  The 
DBD  export  pathway  is  saturable,  indicating  that  nuclear 
receptors  compete  for  a  limited  number  of  soluble  trans¬ 
port  factors,  NPC  binding  sites,  or  both.  Overexpression 
of  the  VDR  DBD  inhibits  GR  export  and  results  in  an 
elevated  transcriptional  response  of  ( iR  to  dexamethasone 
(Dex).  Thus,  the  DBD  export  pathway  contributes  to  the 
regulation  of  GR  and  probably  other  nuclear  receptors 
through  a  nuclear  transport-based  mechanism. 

Results 

The  DBD  of  GR  contains  the  NES 

The  DBD  of  GR  can  be  incorporated  into  a  green  fluores¬ 
cent  protein  (GFP)  reporter  and  can  function  as  an  NES 
when  expressed  in  cultured  cells  |17J.  The  conserved 
sequence  and  structure  of  the  DBD  in  different  nuclear 
receptors  (Figure  la,b)  led  us  to  hypothesize  that  the 
DBD  is  widely  used  as  an  export  signal.  To  address  this 
hypothesis,  we  first  mapped  the  molecular  determinants 
of  the  69  amino  acid  GR  13 BD  that  are  necessary  for 
nuclear  export  by  using  a  GIT  reporter  that  undergoes 
ligand-dependent  nuclear  import  (Figure  1c).  Following 
ligand  removal  from  the  cell  culture  media,  the  distribu¬ 
tion  of  the  GFP  reporter  was  recorded  at  0,  2,  4,  and  6 
hr  by  fluorescence  microscopy.  We  found  that  cysteine 
to  alanine  mutations  that  disrupt  the  zinc  binding  loops 
and  abolish  DNA  binding  only  slightly  inhibited  nuclear 
export  of  the  GFP  reporter  (C424A  and  C463A;  Figure 
2).  This  suggested  that  nuclear  export  might  instead  rely 
on  the  DNA  recognition  helix  that  is  situated  between 
the  two  zinc  binding  loops.  Indeed,  a  GFP  reporter  that 
contained  only  15  amino  acids  of  the  GR  DBD  (442 — 456) 
underwent  translocation  from  the  nucleus  to  the  cyto¬ 
plasm.  Although  the  zinc  binding  loops  of  nuclear  recep¬ 
tors  do  not  contain  information  that  is  critical  for  export 


specified  by  the  DBD,  there  may  be  a  contribution  to 
the  DBD  structure  that  augments  recognition  of  the  signal 
by  the  export  machinery. 

Alanine-scanning  mutagenesis  of  the  DNA  recognition 
helix  between  the  loops  revealed  that  a  pair  of  phenylala¬ 
nines  is  critical  for  the  export  function  of  the  DBD 
(IT—*  A  A;  Figure  2).  Mutating  other  pairs  of  amino  acids 
between  the  zinc  fingers  (KR— >AA,  VE— *AA,  and 
YL— *AA)  impaired  the  nuclear  export  function  of  the  GR 
DBD  to  a  lesser  degree  (2  and  4  hr  time  points).  In 
contrast,  other  mutations  (KV— *AA,  GQ— *AA,  and 
I  IN— A  A)  had  no  effect  on  the  export  activity  of  the  GR 
DBD.  Our  data  show  that  amino  acids  between  the  two 
zinc  binding  loops,  which  include  part  of  the  DNA  recog¬ 
nition  helix,  contain  the  NES  of  GR. 

Steroid,  nonsteroid,  and  orphan  receptors  use  a  common 
export  pathway 

Our  finding  that  the  GR  DBD  contains  the  NES  appeared 
significant  in  light  of  the  structural  conservation  of  the 
DBD  among  nuclear  receptors.  The  GR  DBD  is  at  least 
40%  identical  to  the  sequences  of  DBDs  from  nine  differ¬ 
ent  nuclear  receptors  included  in  our  analysis  (Figure  la). 
Moreover,  every  member  of  the  nuclear  receptor  super¬ 
family  that  has  been  identified  to  date  contains  a  pair  of 
phenylalanines  that  are  located  at  the  same  position  rela¬ 
tive  to  phenylalanines  within  the  GR  DBD.  This  led 
us  to  hypothesize  that  the  DBDs  from  diverse  nuclear 
receptors  can  function  as  an  NES.  We  tested  this  hypothe¬ 
sis  by  analyzing  the  export  activity  of  DBDs  from  steroid, 
nonsteroid,  and  orphan  nuclear  receptors.  We  found  that 
nuclear  export  of  the  GFP  reporter  was  conferred  by  the 
DBD  derived  from  AR,  estrogen  receptor  (ER),  liver  X 
receptor  (LXR),  PR,  RAR,  RevErb,  retinoid  X  receptor 
(RXR),  TR,  and  VDR  (Figure  3),  Nuclear  export  was  not 
conferred  by  the  DBD  derived  from  GATAl,  a  transcrip¬ 
tion  factor  that,  like  the  nuclear  receptors,  contains  two 
zinc  binding  loops  in  its  DBD  [21].  GATAl  is  not,  how¬ 
ever,  a  member  of  the  nuclear  receptor  superfamily  based 
on  sequence  or  structure.  Thus,  our  data  identify  the 
DBD  of  nuclear  receptors  as  a  new  type  of  NES.  The 
DBD  does  not  contain  a  leucine-rich  NES  that  is  recog¬ 
nized  by  the  export  receptor  Crml,  which  may  explain 
why  nuclear  export  of  GR,  PR,  TR,  and  AR  are  insensitive 
to  leptomycin  B  [9,  13,  15-17]. 

Mutations  in  the  DBD  block  nucleocytoplasmic  shuttling 
of  nuclear  receptors 

Our  experiments  demonstrated  that  the  DBD  is  sufficient 
to  mediate  nuclear  export  in  the  context  of  the  GFP 
reporter.  To  determine  whether  the  DBD  is  necessary 
for  export  in  the  context  of  the  receptor,  we  examined 
nucleocytoplasmic  shuttling  of  full-length,  wild-tvpe  (wt) 
GR,  AR,  and  RAR,  and  of  mutant  forms  of  these  receptors 
that  were  predicted  to  be  deficient  for  export.  We  de¬ 
signed  a  modified-shuttling  assay  that,  in  a  heterokaryon 
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Figure  1 


(a) 


J1^LCLVCSDEASGCHyGVLTCGSCKVPFKRAVEGOH — NYL-  CAGRNDCI IDKIRRKNCPACRYRKCLOAGM 
rAR  QkTCLI  CGDEASGCHYGALTCGSCKVFFKRAAEGKQ — KYL-  CASRNDCTIDKFRRKNCPSCRLRXCYEAGM 
rERO.  TRYCAVCNDYASGYHYGVWSCEGCKAFFKRSIQGHN —  DYM- CPATNQCTIDKNRRKSCOACRLRXCYFvrM 

hL^on^?^GD™SGFHY^^^ 

hPR  OKI CLI CGDEASGCHYGVLTCGSCKVFFKRAMEGQH— -NYL- CAGRNDCI  VDKIRRKNCPACRLRItrnnztrM 
hKARa  YKPCFVCODKSSGYHYGVSACEGCKGFFRRSIOKNM — VYT- CHRDKNClINKVTRNRCOYCRLOKCFEVrM 
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Conserved  structure  of  the  DBD  and  assay  for  nuclear  export  activity, 
(a)  Alignment  of  DBDs  from  nuclear  receptors  used  in  this  study 
and  the  percent  identity  to  the  DBD  of  human  GR.  Highly  conserved 
residues  (bold)  including  the  cysteines  that  coordinate  zinc  binding 
(green)  and  the  pair  of  phenylalanines  that  are  present  in  the  DNA 
recognition  helix  of  all  nuclear  receptors  (red)  are  indicated,  (b) 
Diagram  of  the  GR  DBD  showing  the  position  of  the  pair  of 
phenylalanines  relative  to  the  zinc  binding  loops,  (c)  Features  of  the 


GFP  reporter  and  two-step  assay  for  nuclear  export  in  vivo.  The  vector 
encodes  a  mutant  form  of  Rev  (Ml 0)  that  contains  a  nonfunctional 
NES  fused  to  the  ligand  binding  domain  (LBD)  of  GR  and  GFP.  Dex 
induces  nuclear  import  of  the  GFP  reporter,  which  remains  nuclear 
after  Dex  withdrawal  because  the  reporter  lacks  a  functional  NES.  In- 
frame  fusion  of  a  DBD  to  the  N  terminus  of  the  GFP  reporter  restores 
nuclear  export  activity. 


fusion,  scores  nuclear  export  from  a  donor  nucleus  and 
nuclear  import  into  an  acceptor  nucleus.  Prior  to  fusion 
(Figure  4a,  upper  panels),  the  donor  cells  (human)  were 
transfected  with  GFP  fusions  of  the  receptors  and  treated 
with  the  appropriate  ligand  to  induce  nuclear  import.  The 
acceptor  cells  (mouse)  were  labeled  with  a  CellTracker 
dye  that,  following  its  uptake,  is  converted  to  a  membrane 
impermeant  form  in  the  cytoplasm.  After  fusion  (Figure 
4a,  lower  panels),  the  cytoplasm  of  the  heterokaryon  fluo¬ 
resces  red,  and  the  GFP  fusion  (green)  containing  full- 
length  GR  equilibrates  between  the  human  and  mouse 
nuclei  because  it  undergoes  shuttling,  as  previously  shown 
[1 1].  The  GFP  reporter  used  in  prior  experiments  to  char¬ 
acterize  the  DBD  (Figure  1c)  undergoes  nuclear  import, 
but  fails  to  undergo  export  and  equilibrate  between  nuclei 
in  the  heterokaryon  because  it  lacks  a  functional  NES. 
Nuclear  export  of  the  GFP  reporter  was  restored  by  the 
GR  DBD,  resulting  in  equilibration  of  the  reporter  be¬ 
tween  nuclei  in  the  heterokaryon  fusion  (Figure  4b). 

The  GFP  reporter  used  in  the  experiments  described 
above  contains  the  ligand  binding  domain  of  GR  to  direct 
Dex-dependent  import.  We  used  another  GFP  reporter, 
which  lacked  any  GR  sequence,  to  formally  test  for  the 
sufficiency  of  the  DBD  export  signal.  The  GFP  reporter 


used  contains  the  SV40  large  T  antigen  NLS  to  direct 
constitutive  import,  but  it  remains  nuclear  in  the  hetero¬ 
karyon  because  it  does  not  contain  a  nuclear  export  signal 
(Figure  4c,  upper  panels).  Fusion  of  the  GR  DBD  to  the 
reporter  resulted  in  nucleocytoplasmic  shuttling  (Figure 
4c,  lower  panels).  Thus,  the  GR  DBD  is  sufficient  to 
direct  nuclear  export  of  the  GFP  reporter. 

We  next  transfected  full-length  nuclear  receptors  (GR, 
AR,  and  RAR)  containing  either  a  wt  DBD  or  a  mutant 
DBD  (FF— »AA)  into  donor  cells,  treated  the  cells  with 
ligand,  and  fused  them  with  acceptor  cells  labeled  with 
the  CellTracker  dye.  The  wt  forms  of  GR,  AR,  and  RAR 
equilibrated  between  nuclei  in  the  heterokaryon  fusion 
(Figure  4d),  indicating  that  export  of  these  nuclear  recep¬ 
tors  occurs  even  in  the  presence  of  ligand.  The  DBD 
mutant  forms  (FF— *AA)  of  GR  and  AR,  however,  failed 
to  equilibrate  between  nuclei  in  the  heterokaryon  fusion. 
Thus,  export  of  GR  and  AR  from  the  donor  nuclei  is 
inhibited  by  changing  only  two  amino  acids  within  the 
DBD  of  each  nuclear  receptor.  Surprisingly,  the  DBD 
mutant  form  of  RAR  still  equilibrated  between  nuclei  in 
the  heterokaryon  fusion  (Figure  4d).  Because  the  DBD 
of  RAR  is  sufficient  to  specify  nuclear  export  of  the  GFP 
reporter  used  in  our  analysis  (Figure  2),  we  interpret  this 
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Figure  7 
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as  evidence  that  RAR  export  can  occur  by  an  alternative, 
DBD-independent  transport  pathway.  Nuclear  export  of 
RXR  in  nerve  cells  can  be  facilitated  by  its  binding  partner 
NGFI-B,  an  orphan  nuclear  receptor  with  three  leucine- 
rich  NESs  [22].  Nuclear  export  of  the  wild-type  and  mu¬ 
tant  forms  of  RAR,  however,  still  occurs  in  the  presence  of 
leptomycin  B  (data  not  shown).  Certain  nuclear  receptors 
may,  therefore,  be  exported  from  the  nucleus  by  more 
than  one  transport  pathway. 

CRT  binding  to  the  GR  DBD  is  required  tor  nuclear  export 

Our  results  showing  that  the  GR  DBD  functions  as  an 
export  signal  together  with  our  previous  finding  that  GR 
export  is  defective  in  cells  suggested  a  molecular 

mechanism  for  the  transport  pathway  [17].  This  could 
involve  CRT-dependent  recognition  of  the  GR  DBD  in 
the  nucleus  and  translocation  of  the  complex  to  the  cyto¬ 
plasm.  We  reasoned  that  if  CRT  binding  to  the  DBD  is 
an  obligate  step  in  GR  export,  then  mutations  within  the 
DBD  that  inhibit  export  might  also  inhibit  the  interaction 
of  GR  with  CRT.  We  tested  this  by  using  binding  assays 
with  recombinant  CRT  and  g!utathione-*S-transferase 
(GST)  fusions  of  the  wt  and  mutant  (FF— »AA)  forms  of 
the  GR  DBD.  CRT  bound  to  the  wt  DBD  but  displayed 
only  background  binding  to  the  GR  DBD  mutant  protein 
(Figure  5a).  Crm  1  did  not  bind  to  the  GR  DBD,  consistent 
with  other  data  indicating  that  Crml  is  not  the  receptor 
for  nuclear  export  of  GR  |1h,  17]. 

The  net  redistribution  of  (JR  from  the  nucleus  to  the 
cytoplasm  generally  requires  several  hours  in  ligand-free 
media;  however,  the  kinetics  of  export  can  enhanced  by 
microinjecting  recombinant  CRT  into  cells  [17].  We  used 
this  approach  to  examine  whether  GR  containing  a  wt  or 
mutant  DBD  would  undergo  CRT-dependent  nuclear 
export.  Cos  cells  were  transfected  with  GFP  fused  to  full- 
length  GR  (wt  or  FF— >AA  mutant)  and  treated  with  ligand 
to  induce  nuclear  import  of  GR.  'The  cells  were  then 
injected  with  CRT,  and  the  distribution  of  GR  was  re¬ 
corded  by  fluorescence  microscopy  30  min  postinjection. 


The  DBD  of  GR  functions  as  an  NES.  The  GFP  reporter  engineered 
with  the  DBD  of  GR  was  transfected  into  Cos  cells  and  assayed  for 
nuclear  export.  Images  of  living  cells  were  recorded  by  fluorescence 
microscopy  at  0,  2,  4,  and  6  hr  following  Dex  withdrawal.  The  GFP 
reporter  alone  (no  DBD)  remains  nuclear  during  the  course  of  the 
experiment,  while  including  the  GR  DBD  (residues  418-486)  in  the 
GFP  reporter  confers  export  by  4  hr.  Point  mutations  in  the  GR  DBD 
(C424A  or  C463A)  slightly  reduced  the  level  of  export,  evident  at 
4  hr.  The  1 5  residue  sequence  (KVFFKRAVEGGHNYL;  residues 
442-456)  that  resides  between  the  two  zinc  binding  loops  was 
sufficient  for  export  of  the  GFP  reporter.  Alanine-scanning  mutagenesis 
of  residue  pairs  in  the  DBD  revealed  that  the  FF—»AA  mutation  in  the 
DNA  recognition  helix  causes  a  major  defect  in  nuclear  export.  The 
KR—  AA,  VE— *AA,  and  YL— AA  mutations  have  an  intermediate 
effect  on  nuclear  export,  and  the  KV— >AA,  GQ—»AA,  and  HN— *AA 
mutations  have  no  effect  on  nuclear  export. 
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"  Figure  3 
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The  DBDs  of  diverse  nuclear  receptors  can  all  function  as  an  NES. 
The  DBDs  from  hormone,  nonhormone,  and  orphan  nuclear 
receptors  were  analyzed  for  nuclear  export  activity  in  vivo  by  using 
the  GFP  reporter.  The  GFP  reporter  alone  (no  DBD)  remains  nuclear 
during  the  course  of  the  experiment.  The  DBD  from  the  transcription 


We  observed  that  injection  of  cells  with  CRT  caused  the 
relocalizauon  of  wt  GR  from  the  nucleus  to  the  cytoplasm 
(Figure  5b,  upper  panels).  In  contrast,  CRT  injection  into 
cells  expressing  the  GR  DBD  mutant  (FF— *AA)  did  not 
affect  GR  distribution  (Figure  5b,  middle  panels).  Crml 
injection  did  not  cause  wt  GR  redistribution  to  the  cyto¬ 
plasm.  Thus,  a  functional  export  signal  within  the  DBD 
is  necessary  for  CRT-dependent  translocation  of  GR  from 
the  nucleus  to  the  cytoplasm.  Recombinant  CRT  can  also 
mediate  nuclear  export  of  GR  in  a  permeabilized  cell 
assay  [17],  and  this  can  be  inhibited  by  the  addition  of 
the  DBD  from  VDR  (Figure  5c).  The  ability  of  the  DBD 
from  VDR  to  act  as  a  competitive  inhibitor  of  GR  export 
indicates  that  CRT  recognizes  similar  molecular  determi¬ 
nants  in  the  DBDs  of  different  nuclear  receptors. 

Excess  DBD  blocks  GR  export  and  increases 
transcription 

Our  finding  that  the  VDR  DBD  can  act  as  a  competitive 
inhibitor  of  GR  export  in  permeabilized  cells  led  us  to 
examine  whether  overexpression  of  the  VDR  DBD  fused 
to  BFP  would  compete  with  the  GR  export  pathway  in 
hvmg  cells.  Because  the  DBD  of  VDR  also  contains  an 
NLS  [23],  it  undergoes  export  and  import  but  is  concen¬ 
trated  in  the  nucleus  at  steady  state.  Expression  of  BFP 
alone  did  not  affect  nuclear  export  mediated  by  the  GR- 
DBD  examined  at  0  and  5  hr  (Figure  6,  upper  panels) 
In  contrast,  expression  of  BFP- VDR  DBD  inhibited  GR- 
DBE*  export  and  resulted  in  nuclear  accumulation  of  GR- 
DBD  (Figure  6,  middle  panels).  This  effect  required  a 
functional  DBD  in  VDR  since  mutating  the  conserved 
pair  of  phenylalanines  in  the  DBD  reversed  the  inhibition 
(Figure  6,  lower  panels).  Our  data  support  the  hypothesis 
that  a  common  pathway  is  used  for  nuclear  export  of  both 
steroid  (GR)  and  nonsteroid  (VDR)  nuclear  receptors. 

Inhibiting  DBD-dependent  export  in  vivo  restricts  GR 
to  the  nucleus,  thereby  blocking  the  nucleocytoplasmic 
shuttling  cycle.  This  allowed  us  to  examine  whether  block¬ 
ing  nuclear  export  could  augment  the  GR-dependent 
transcription  by  increasing  its  dwell  time  in  the  nucleus. 
We  also  considered  the  possibility  that  nucleocytoplasmic 
shuttling  could  be  necessary  for  the  transcriptional  activity 
because,  for  example,  cytoplasmic  chaperones  are 
required  for  ligand  binding.  GR-dependent  transcription 
can  be  measured  in  the  presence  of  excess  VDR  DBD 
because  VDR  does  not  bind  to  a  GRE  [24],  The  response 
elements  for  GR  and  VDR  differ  in  sequence,  direction, 
and  spacing  of  the  half-sites. 


factor  GATA1,  which  is  similar  in  size  to  the  nuclear  receptors  and 
contains  two  zinc  binding  loops,  does  not  confer  nuclear  export  to 
the  GFP  reporter.  The  DBDs  from  nine  different  nuclear  receptors 
(AR,  ER,  LXR,  PR,  RAR,  RevErb,  RXR,  TR,  and  VDR)  confer  nuclear 
export  activity  to  the  GFP  reporter. 
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Figure  4 


The  DBD  export  signal  is  necessary  for 
hormone  receptor  shuttling  in  vivo,  (a) 
Heterokaryon  shuttling  assays  were  performed 
with  Cos  cells  transfected  with  full-length  GR 
fused  to  GFP  (FITC)  and  NIH  3T3  cells  labeled 
with  the  dye  CellTracker  CMTMR 
(Rhodamine).  When  coseeded  on  coverslips 
and  fused  by  brief  (30  s)  incubation  in 
polyethylene  glycol  (Roche;  50%  volrvol),  the 
Cos  and  3T3  cells  fuse  and  fluoresce  red. 
Nucleocytoplasmic  shuttling  (export  and 
import)  of  the  GFP  reporter  results  in 
equilibration  of  green  fluorescence  between 
the  donor  Cos  cell  nuclei  and  the  acceptor 
3T3  cell  nuclei  within  the  heterokaryon. 
Acceptor  cell  nuclei  (white  arrowheads)  are 
also  distinguished  by  centromeric  foci  that 
stained  brightly  with  DAPI.  (b)  The  GR  DBD 
restores  shuttling  behavior  to  the  GFP  reporter 
that  contains  a  nonfunctional  NES.  (c)  The 
GR  DBD  confers  shuttling  activity  to  a  GFP 
reporter  that  contains  the  SV40  large  T 
antigen  NLS  [38].  The  GFP  reporter  contains 
the  streptavidin  gene  and  assembles  into  a 
~1 60  kDa  tetramer  that  is  too  large  to  escape 
the  nucleus  by  diffusion,  (d)  The  DBD  export 
signal  is  necessary  for  nucleocytoplasmic 
shuttling  in  the  context  of  full-length  hormone 
receptors.  Full-length  wt  or  mutant  (FF-^AA) 
GR,  AR,  and  RAR  were  tested  for 
nucleocytoplasmic  shuttling  in  the  presence 
of  1  Dex,  10  nM  R1881  (synthetic 
androgen),  or  1  p.M  all-trans  retinoic  acid, 
respectively.  Each  wt  receptor  equilibrates 
between  the  nuclei  of  a  heterokaryon.  The 
FF-—  AA  mutation  inhibits  GR  and  AR 
shuttling,  whereas  the  FF— *AA  mutation  has 
only  a  slight  effect  on  RAR  shuttling.  The 
FF— »AA  mutation  in  the  GR  DBD  abolishes 
DNA  binding  in  vitro,  suggesting  the  mutation 
does  not  generate  a  nuclear  retention  signal 
(data  not  shown). 
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Figure  5 


(a) 


Immobilized  Proteins 


(c) 

DAPI  GR-GFP 


The  DBD  export  signal  is  necessary  for  export  mediated  by  CRT.  (a) 
Direct  binding  of  CRT  to  the  GR  DBD.  GST  fusion  proteins 
containing  the  GR  DBD  (wt  or  FF— AA)  were  immobilized  on 
glutathione-Sepharose  beads  and  used  for  binding  assays  with 
recombinant  CRT  and  Crml.  CRT  binds  to  the  wt  DBD  from  GR  but 


GR-dependent  transactivation  of  a  GRE-luciferase  re¬ 
porter  was  measured  in  the  presence  of  cotransfected  BFP 
or  BFP-VDR  DBD  as  a  function  of  Dex  concentration 
(Figure  7a).  Expression  of  the  BFP-VDR  DBD  increased 
GRE  luciferase  activity  2-fold  relative  to  BFP.  Thus,  in¬ 
hibiting  GR  export  results  in  an  increase  in  GR-depen¬ 
dent  transcription.  The  effect  was  correlated  with  the 
amount  of  BFP-VDR  DBD  plasmid  used  for  cotransfec¬ 
tion  (Figure  7b).  We  also  found  that  a  mutant  form  of 
the  VDR  DBD  (FF— >AA)  that  has  reduced  activity  as  a 
competitive  inhibitor  of  GR  export  (Figure  6)  increases 
the  transcriptional  activity  of  GR  only  slightly  (Figure 
7c).  Our  data  indicate  that  nuclear  export  of  GR  is  critical 
for  proper  regulation  of  its  transcriptional  activity,  since 
blocking  GR  export  results  in  an  elevated  response  to 
ligand.  Moreover,  nuclear  export  is  predicted  to  be  impor¬ 
tant  for  regulating  the  cytoplasmic  functions  that  are 
emerging  for  certain  nuclear  receptors. 

Discussion 

In  the  context  of  a  living  cell,  GR  undergoes  rapid  ex¬ 
change  between  chromatin  binding  sites  and  the  nucleo¬ 
plasm  [25].  Upon  dissociating  from  chromatin,  GR  may 
receive  input  from  signaling  pathways  that  regulate  its 
transcriptional  activity,  either  in  the  form  of  posttransla- 
tional  modifications  or  cofactor  interactions  [26].  This 
could  occur  in  the  nucleoplasm,  or  it  could  occur  during 
the  movement  of  GR  through  the  cytoplasm  during  its 
shuttling  cycle.  The  latter  scenario  would  obviate  the 
requirement  for  nuclear  import  of  cytoplasmic  enzymesr 
or  cofactors,  possibly  to  ensure  spatial  separation  from  the 
nuclear  receptors.  Because  GR,  AR,  and  RAR  all  shuttle  in 
the  presence  of  their  respective  ligand,  nucleocytoplasmic 
shuttling  is  predicted  to  be  a  general  property  of  nuclear 


not  to  the  export-defective  mutant  DBD  (FF- AA)  from  GR.  A 
preparation  of  recombinant  Crml  that  binds  the  leucine-rich  NES 
[39]  does  not  bind  to  the  DBD  from  GR.  Shown  are  5%  of  the  total 
input  proteins  (CRT  or  Crml).  (b)  CRT  stimulates  nuclear  export 
of  wt  but  not  the  export-defective  mutant  of  GR  in  living  cells.  Cos 
cells  transfected  with  GR  (wt  or  FF— AA  mutant)  fused  to  GFP  were 
treated  with  Dex  to  induce  nuclear  import.  Following  Dex  withdrawal, 
the  cells  were  microinjected  with  either  His-tagged  CRT  or  His- 
tagged  Crml  (1  mg/ml  each),  and  the  distribution  of  GR-GFP  was 
examined  after  30  min.  A  70  kDa  fluorescent  dextran  (Cascade 
Blue)  was  included  to  mark  the  injection  site  and  to  verify  that  the 
nuclear  envelope  remained  intact  during  the  experiment.  CRT- 
dependent  export  of  wt  GR  was  observed  in  30/30  cells  injected, 
whereas  CRT-dependent  export  of  the  mutant  GR  (FF— AA)  was 
observed  in  only  2/21  cells  injected  (three  experiments).  GR  did  not 
undergo  nuclear  export  in  uninjected  cells  (white  arrowheads)  or 
Crml -injected  cells  in  this  assay.  The  latter  control  is  consistent  with 
Crml -independent  export  of  GR  [16,  17].  (c)  Shared  mechanism 
for  nuclear  export  of  GR  and  VDR.  A  cell  line  expressing  GR-GFP 
[35]  was  permeabilized  with  digitonin  and  incubated  with 
recombinant  CRT  (100  jig/ml)  in  the  absence  and  presence  of  the 
DBD  from  VDR  (120  jig/ml).  CRT-dependent  export  of  GR-GFP  is 
blocked  by  the  VDR  DBD. 
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Figure  6 


Figure  7 


Ohr  5  hr 


Competition  for  DBD-mediated  export  in  vivo.  The  GFP  reporter 
engineered  with  the  DBD  of  GR  was  cotransfected  with  a  plasmid 
encoding  BFP  alone  (no  DBD)  or  BFP  fused  to  the  DBD  of  VDR  in 
Cos  cells.  Images  were  captured  at  0  and  5  hr  following  Dex 
withdrawal.  BFP  alone  did  not  alter  import  of  the  reporter  alone  (data 
not  shown)  or  the  import  and  export  of  the  reporter  containing  the 
DBD  of  GR.  The  DBD  of  VDR  (VDR-DBD  [wt])  blocks  GR  DBD- 
mediated  nuclear  export.  However,  a  mutant  VDR  DBD  that  has  two 
critical  phenylalanines  replaced  with  alanines  (VDR-DBD  [FF—  AA]) 
does  not  compete  for  GR  DBD-mediated  nuclear  export. 
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Blocking  GR  export  increases  ligand-induced  gene  expression,  (a) 
VDR-DBD  expression  increases  GR-mediated  gene  expression  over 
a  wide  range  of  Dex  concentration.  Endogenous  GR  activity  was 
examined  in  NIH3T3  cells  using  a  GRE-luciferase  reporter.  Cells* 
were  cotransfected  in  6  well  dishes  with  plasmids  encoding  a  Reniila - 
luciferase  reporter  (30  ng),  GRE-firefly  luciferase  { 370  ng),  and  either 
BFP  alone  or  BFP-VDR  DBD  (1000  ng),  and  then  they  were  incubated 
overnight.  Cells  were  lysed  6  hr  following  the  addition  of  the  indicated 
amount  of  Dex.  (b)  Increasing  input  pBFP-VDR  DBD  increases  Dex- 
induced  gene  expression.  Transfectants  were  incubated  overnight 
and  then  treated  with  Dex  (500  nM)  for  6  hr  prior  to  lysis,  (c)  Expression 
of  a  VDR  DBD  mutant  that  fails  to  compete  for  GR  DBD-mediated 
nuclear  export  only  slightly  increases  Dex-induced  gene  expression. 
Plasmids  encoding  either  wt  or  FF— »AA  mutant  versions  of  BFP- 
VDR  DBD  (500  ng  each)  were  transfected  and  assayed  as  above.  All 
luciferase  assays  were  normalized  for  transfection  efficiency  using 
Ren/7/a-luciferase  expression.  The  values  shown  represent  the  fold 
induction  by  the  addition  of  Dex  and  are  the  averages  of  triplicate 
wells  plus  or  minus  the  standard  deviation. 


receptors.  This  would  integrate  cytoplasmic  signaling 
events  with  regulation  of  nuclear  transcription  [27].  Alter¬ 
natively,  the  function  of  DBD-dependent  export  may  re¬ 
late  to  cytoplasmic  functions  for  nuclear  receptors  that 
may  be  transcription-independent  [28-30]. 

Our  finding  that  the  DBD  of  nuclear  receptors  performs 
dual  targeting  functions  in  the  cell  is  not  without  prece¬ 
dent.  The  DBD  in  Gal4  contains  an  NLS,  and  the  DBD 
in  Statl  contains  a  leucine-rich  NES  that  targets  it  for 
export  by  the  Crml  pathway  [31,  32].  Thus,  protein  do- 
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mains  that  bind  DNA  provide  suitable  structures  for  pre¬ 
senting  signals  to  the  nuclear  transport  machinery.  Nu¬ 
clear  transport  receptor  binding  to  a  DBD-containing 
protein  should,  in  addition,  block  the  interaction  of  the 
protein  with  DNA.  In  the  case  of  GR  and  probably  other 
nuclear  receptors,  this  may  impart  negative  regulation  on 
transcription  even  prior  to  nuclear  export  [18-20],  Nuclear 
export  facilitated  by  DBDs  and  nuclear  import  facilitated 
by  ligand-regulated  NLSs  illustrate  how  simple  nuclear 
transport-based  mechanisms  are  used  to  regulate  the  ac¬ 
tivity  of  a  superfamily  of  transcriptional  activators  and 
influence  gene  expression  in  multiple  biological  path¬ 
ways. 

Materials  and  methods 

Nuclear  receptor  cDNAs 

The  DBD  from  human  GR  was  subcloned  from  the  previously  described 
plasmid  pK7-GR-GFP  [33].  The  GenBank  accession  numbers  corre¬ 
sponding  to  the  other  nuclear  receptor  superfamily  members  used  for 
the  DBD  analysis  are:  rat  AR,  M23264;  rat  ERa,  NM_012689;  human 
LXRq,  NM_ 005693;  human  PR,  NM_000926;  human  RARa, 
NM_000964;  human  RevErbAa,  X72631 ;  human  RXRa,  NM_ 002957- 
human  TR0,  X04707;  and  human  VDR,  NM_000376.  Mutations  were 
made  using  the  QuickChange  system  (Stratagene). 

Nuclear  export  assays 
In  vivo  export  assays 

The  reporter  used  to  test  DBD-mediated  nuclear  export  has  been  de¬ 
scribed  (17]  and  is  derived  from  the  plasmid  pXMlO  (34],  Cos7  cells 
were  seeded  onto  coverslips  and  grown  overnight  prior  to  transfection 
of  the  reporter  vectors  using  the  transfection  reagent  Fugene  6  (Roche). 
All  BFP-DBD  competition  experiments  used  plasmids  derived  from 
pEBFP-C  (Clontech).  The  transfectants  were  grown  overnight  prior  to 
addition  of  Dex  (1  p.M)  for  45-60  min.  Cells  were  washed  five  times 
with  serum-free  and  phenol  red-free  Dulbecco's  modified  eagle  medium 
(DMEM)  and  incubated  for  the  indicated  times  in  phenol  red-free  DMEM 
containing  1 0  pg/ml  cyclohexamide  and  1 0%  charcoal  stripped  newborn 
calf  or  fetal  bovine  serum.  Cells  were  fixed  in  formaldehyde  (3.7%)  and 
processed  for  fluorescence  microscopy.  Digital  images  were  captured 
by  a  charge-coupled  device  camera  (Hamamatsu  ORCA)  mounted  on  a 
Nikon  Microphot-SA  microscope,  with  Openlab  (version  2.0.6)  software. 
Figures  were  assembled  with  Adobe  Photoshop  (version  5.5)  and  Free¬ 
hand  (version  9).  The  examples  shown  are  representative  of  20-50  cells 
observed  in  two  or  more  independent  experiments. 

In  vitro  export  assays 

A  cell  line  expressing  GR-GFP  [35]  was  treated  with  1  pM  Dex  for  45 
min.  Cells  were  permeabilized  with  0.005%  digitonin  for  5.5  min.  Export 
reactions  were  performed  at  30°C  for  30  min  in  transport  buffer  (20 
mM  Hepes  [pH  7.4],  110  mM  potassium  acetate,  2  mM  magnesium 
acetate,  and  1  mM  EGTA)  supplemented  with  an  ATP-regeneration 
system,  2  mM  dithiothreitol  (DTT),  and  a  protease  inhibitor  cocktail  includ¬ 
ing  aprotinin,  leupeptin,  and  pepstatin  (each  at  1  pg/ml).  GFP  images 
were  captured  with  the  same  exposure  times. 

Heterokaryon  analysis 

The  modified  interspecies  heterokaryon  analysis  was  performed  as  fol¬ 
lows.  NIH3T3  ceils  were  labeled  in  tissue  culture  dishes  with  500  nM 
CellTracker  dye,  (5  (and  6)-(((4-chloromethyl)  benzoyl)  amino)  tetrameth- 
ylrhodamine  (CMTMR;  Molecular  Probes),  according  to  the  manufactur¬ 
ers  instructions.  Unincorporated  dye  was  removed  and  cells  were  trypsin- 
ized  and  coseeded  on  glass  coverslips  with  Cos7  cells  that  had  been 
transfected  with  the  indicated  plasmids  using  the  transfection  reagent 
Fugene  6  (Roche).  Equal  numbers  of  each  cell  type  were  seeded  for  a 
total  of  3  X  10  cells  per  35  mm  dish  and  grown  overnight  prior  to 
fusion.  The  indicated  ligands  were  added  to  the  cells  45  min  prior  to 


fusion,  in  order  to  induce  nuclear  accumulation  of  the  reporter  proteins. 
Cells  were  incubated  at  37°C  for  4  hr  postfusion  in  the  presence  of  the 
indicated  nuclear  receptor  ligands  and  1 0  ng/ml  cyclohexamide  to  block 
protein  synthesis.  Cells  were  then  fixed  and  processed  for  fluorescence 
microscopy.  AR  was  expressed  with  an  N-terminal  FLAG  epitope  and 
detected  by  indirect  immunofluorescence  using  the  monoclonal  antibody 
M2  (Sigma)  at  a  dilution  of  1 :2000.  Goat  anti-mouse  fluorescein  conju¬ 
gated  secondary  antibody  (Pierce)  was  used  at  a  dilution  of  1:100.  GR 
and  RAR  were  expressed  as  GFP  fusions  and  detected  in  the  FITC 
channel.  The  examples  shown  are  representative  of  1 0-25  heterokaryons 
from  two  or  more  independent  experiments. 

Microinjection  analysis 

Cos 7  cells  were  transfected  with  the  indicated  vectors  and  grown  over¬ 
night  in  60  mM  dishes;  1.2  x  105  cells  per  35  mM  dish  were  seeded 
onto  gndded  coverslips  and  grown  overnight.  Cells  were  treated  with 
1  m-M  Dex  for  45  min  to  induce  nuclear  import  of  the  reporter  proteins. 
Following  Dex  withdrawal,  cells  were  microinjected  with  the  indicated 
transport  factors  and  a  cascade  blue  injection  marker  (1  mg/ml;  MW  =  70 
kDa)  using  femptotips  mounted  on  a  Micromanipulator  and  Transjector 
(Eppendorf).  Cells  were  incubated  30  min  at  37°C  and  then  fixed  and 
processed  for  fluorescence  microscopy. 

Recombinant  proteins 

Mouse  CRT  was  subcloned  in  pQE-30  (Oiagen)  for  expression  as  a 
His-tagged  protein  in  the  TGI  E.  coli  strain.  Cultures  were  grown  in 
Luna  Broth  for  24  hr  at  37°C  without  induction,  and  His-CRT  was  purified 
on  TALON  beads  (Clontech),  eluted  with  imidazole,  and  dialyzed  into 
50  mM  Hepes  (pH  7.4).  The  expression  and  purification  of  His-Crml 
has  been  described  [36].  Recombinant  transport  factors  were  flash- 
frozen  in  single-use  aliquots  and  stored  at  -80°C.  The  nuclear  receptor 
DBDs  were  expressed  in  £.  coli  as  GST  fusions  by  using  pGEX-2T  and 
PGEX-4T  vectors  (Pharmacia).  Cells  were  grown  in  Luria  Broth,  and 
protein  expression  was  induced  when  OD600  reached  0.5,  with  1  mM 
IPTG.  The  cells  were  collected  by  centrifugation,  resuspended  in  lysis 
buffer  (25  mM  Tris  [pH  7.5]  and  1 50  mM  sodium  chloride),  and  sonicated 
at  5°C  until  lysis  was  complete.  The  lysate  was  centrifuged  at  1 5,000  X  g 
for  60  min,  and  the  supernatant  was  loaded  onto  a  glutathione-Sepharpse 
column.  The  column  was  equilibrated  and  washed  extensively  with  the 
lysis  buffer,  and  GST-DBDs  were  eluted  with  the  same  buffer  supple¬ 
mented  with  1 0  mM  fresh  glutathione.  The  GST-DBD  proteins,  in  some 
cases,  were  cleaved  with  thrombin  (Sigma)  to  generate  the  free  DBDs. 
The  GST  and  thrombin  were  removed  using  a  strong  cation  exchange 
media  SP-Sepharose  (Pharmacia).  The  column  was  developed  with  25 
mM  Tris  buffer  and  a  1 50-500  mM  sodium  chloride  gradient,  with  the 
GST  and  thrombin  eluting  at  the  beginning  of  the  gradient  and  the  free 
DBDs  eluting  at  300-350  mM  sodium  chloride. 

Binding  assays 

His-CRT  or  His-Crml  (each  at  1  p.g/ml)  proteins  were  incubated  for  30 
mm  at  4°C  with  the  indicated  GST  proteins  immobilized  on  glutathione- 
Sepharose  beads.  Binding  reactions  were  carried  out  in  0  5X  transport 
buffer  supplemented  with  10  mg/ml  bovine  serum  albumin,  2  mM  DTT, 
and  0.2%  Tween-20.  Beads  were  subsequently  washed  three  times! 
and  bound  proteins  were  eluted  with  SDS-PAGE  sample  buffer  and 
analyzed  by  Western  blotting.  CRT  was  detected  using  an  anti-CRT 
rabbit  polyclonal  antibody  (Stressgen),  and  Crml  was  detected  using 
an  anti-Crm  1  rabbit  polyclonal  antibody  (kindly  provided  by  Ralph  Kehlen- 
bach,  Scripps)  [37]. 

Lucif erase  assays 

Transcriptional  reporter  activity  was  measured  by  using  the  Dual-Lucifer- 
ase  Reporter  Assay  System  (Promega)  according  to  the  manufacturer’s 
directions.  NIH3T3  cells  were  seeded  at  2  X  10s  per  well  of  a  6  well 
dish  and  grown  overnight  prior  to  transfection.  Transfections  of  the 
indicated  plasmids  were  performed  with  the  Cytofectene  transfection 
reagent  (Bio  Rad).  The  Renilla-luciferase  (R-Luc;  Promega)  and  GRE- 
luciferase  (generously  provided  by  Gordon  Hager,  NIH)  reporter  vectors 
were  used  in  all  cases.  The  total  input  DNA  was  1.4  ^g  per  well  in 
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each  experiment.  Transfectants  were  grown  overnight  in  phenol  red-free 
DMEM  containing  1 0%  charcoal  stripped  fetal  bovine  serum  prior  to  the 
indicated  Dex  treatments.  Cells  were  washed  with  phosphate-buffered 
saline  and  lysed  with  300  p.1  passive  lysis  buffer  (Promega).  Luciferase 
activities  were  measured  by  using  a  Berthold  LB  953  luminometer. 
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charac'eri“d  a  pathway  for  nuclear  export  of  the  glucocorticoid  receptor  (GR)  in  mammalian  cells 
This  pathway  involves  the  Ca  -binding  protein  calreticulin  (CRT),  which  directly  contacts  the  DNA  hindino 
domain  (DBD)  of  GR  and  facilitates  its  delivery  from  the  nucleus  to  the  cytopla 2.TS?p«sS.71t53l  ^ 
investigated  the  role  of  Ca-  in  CRT-dependent  export  of  GR.  We  found  that  rTmo^al  JfCa- froVcOT 
inhibits  its  capacity  to  stimulate  the  nuclear  export  of  GR  in  digitonin-permeabilized  cells  and  that  the 
inhibition  is  due  to  the  failure  of  Ca--free  CRT  to  bind  the  DBD  These  effects  are  revers  ble  since  LS 
binding  and  nuclear  export  can  be  restored  by  Ca-  addition.  Depletion  of  intracellular  Ca-  ’inhibits  CR 
thprJ! ,n  r  *2+*  CC  S  Under  ™nd,"ons  ,hat  do  not  inhibit  other  nuclear  transport  pathways,  suggesting  that 
Ixnnrt  ThCa  .r*qu)^eme"'  for  GR  exP°rt  in  vivo.  We  also  found  that  the  Ran  GTPase  is  not  required  for  GR 
EfheSe.hdar  Sh,°W  u31  ‘he  ”UC,ear  eXp°rt  pa,hway  used  by  s‘eroid  hormone  receptors  slich  as  GR  is 

CRT  CT  SUhr”  pS'1"8  Cs“  C»"ld 


The  nuclear  transport  machinery  integrates  a  variety  of  nu¬ 
clear  and  cytoplasmic  activities  by  mediating  the  translocation 
of  housekeeping  and  regulatory  proteins  and  RNAs.  Translo¬ 
cation  of  these  macromolecules  generally  requires  a  cis- acting 
transport  signal,  recognition  of  the  signal  by  a  receptor,  and 
movement  of  the  signal-receptor  complex  through  the  nuclear 
pore  complex  (NPC)  (40,  45).  In  the  case  of  nuclear  export, 
most  proteins  rely  on  a  hydrophobic  nuclear  export  signal 
(NES)  and  its  recognition  by  the  receptor  Crml  (1, 10,  11,  39, 
44).  NES  binding  to  Crml  is  stabilized  by  the  presence  of 
RanGTP,  and  the  resulting  trimeric  complex  of  Crml,  NES, 
and  RanGTP  undergoes  translocation  through  the  nuclear 
pore  (14,  28).  Other  proteins  are  important  cofactors  for  this 
export  pathway,  including  RanGAP,  RanBPl,  NXT1  and 
RanBP3  (1,4,  22,  24). 

A  number  of  proteins  that  lack  a  hydrophobic  NES  are 
known  to  undergo  nuclear  export,  and  current  evidence  indi¬ 
cates  that  three  distinct  mechanisms  can  account  for  nuclear 
export  of  these  proteins.  First,  an  NES-containing  adapter 
could  be  used  to  bridge  the  interaction  between  the  protein 
and  Crml  (21).  Second,  the  protein  could  use  a  different  signal 
for  nuclear  export  and  undergo  Crml-independent  export  (3). 
Third,  the  protein  could  interact  directly  with  nucleoporins  in 
the  NPC  and  undergo  receptor-independent  nuclear  export 
(46).  An  advantage  of  these  mechanisms  is  that  they  provide 
the  potential  for  additional  levels  of  regulation  for  protein 
sorting  between  the  nucleus  and  cytoplasm. 
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The  glucocorticoid  receptor  (GR)  is  an  example  of  a  protein 
that  undergoes  export  from  the  nucleus  even  though  it  lacks  a 
hydrophobic  NES.  Moreover,  GR  export  is  insensitive  to  the 
Crml  inhibitor  leptomycin  B,  which  seems  to  rule  out  the  use 
of  NES  adapters  and  Crml  as  the  major  receptor  for  this 
pathway  (18,  25).  The  signal  that  specifies  nuclear  export  of 
GR  maps  to  the  67-amino-acid  DNA  binding  domain  (DBD), 
which  is  both  sufficient  to  mediate  the  export  of  green  fluores¬ 
cent  protein  (GFP)  reporter  proteins  and  necessary  for  export 
of  GR  (3).  Mutations  that  disrupt  DBD  structure,  whether  in 
the  context  of  an  isolated  DBD  or  in  full-length  GR,  also 
reduce  its  export  activity.  The  most  severe  mutations  that  re¬ 
duce  DBD-dependent  nuclear  export  are  two  phenylalanine- 
to-alanine  mutations  in  the  DNA  recognition  helix  (3).  The 
structural  conservation  of  the  DBD  in  the  nuclear  receptor 
superfamily  suggests  that  the  DBD  could  be  widely  used  as  an 
export  signal.  Support  for  this  hypothesis  was  obtained  by 
showing  that  the  DBDs  from  steroid,  nonsteroid,  and  orphan 
nuclear  receptors  can  function  as  export  signals  when  fused  to 
a  GFP  reporter  protein  (3). 

Nuclear  export  mediated  by  the  DBD  of  GR  involves  a  Ca— 
binding  protein  named  calreticulin  (CRT),  which  was  first  de¬ 
scribed  as  a  protein  in  the  lumen  of  the  endoplasmic  reticulim 
(ER)  (29).  The  original  link  between  these  proteins  came  with 
the  finding  that  a  peptide  sequence,  KLGFFKR,  which  is  rec¬ 
ognized  by  CRT,  is  related  to  the  peptide  sequence  KVFFKR, 
which  is  found  in  the  DNA  recognition  helix  of  GR  (33).  CRT 
binds  to  GR  and  blocks  its  interaction  with  DNA  in  gel  shift 
experiments,  and  overexpression  of  CRT  inhibits  GR-depen- 
dent  transcription  in  cells  (6).  Similar  results  were  obtained 
when  the  interactions  between  the  androgen,  retinoic  acid,  and 
vitamin  D  receptors  and  CRT  were  examined  (8).  The  initial 
interpretation  of  these  results  was  that  a  pool  of  CRT  outside 
of  the  lumen  of  the  ER  acts  as  a  negative  regulator  of  tran¬ 
scription.  The  technical  difficulty  of  showing  that  CRT  is  out- 
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side  the  ER,  however,  gave  way  to  the  view  that  CRT  is  re¬ 
stricted  to  the  ER  lumen  and  that  the  effects  of  CRT  on  gene 
expression  are  indirect  (23). 

Our  laboratory  purified  CRT  from  HeLa  cell  cytosol  in  a 
search  for  novel  export  factors  (18).  We  used  a  permeabilized 
cell  assay  that  measures  the  nuclear  export  of  protein  kinase 
inhibitor  (PKI),  a  protein  that  contains  a  hydrophobic  NES 
(19).  CRT  can  bind  directly  to  the  NES  in  PKI,  which  contains 
the  peptide  sequence  LALKLAGLDIN.  In  binding  experi¬ 
ments  the  interaction  of  CRT  with  PKI  is  stabilized  in  the 
presence  of  RanGTP,  and  in  permeabilized  cells  CRT-depen¬ 
dent  export  of  PKI  is  enhanced  by  RanGTP  (18).  The  ability  of 
CRT  to  act  as  an  export  factor  for  PKI  and  its  prior  link  with 
steroid  receptor  function  led  us  to  test  whether  CRT  can  func¬ 
tion  as  an  export  factor  for  GR.  We  found  that  recombinant 
CRT  can  stimulate  GR  export  and  that  the  GR  export  defi¬ 
ciency  in  cri cells  can  be  rescued  with  CRT  (18).  These 
observations  support  the  view  that  CRT  functions  as  an  export 
factor  for  GR. 

In  the  present  study  we  characterized  the  CRT-dependent 
nuclear  export  of  GR,  with  particular  emphasis  on  how  this 
pathway  could  be  regulated.  Because  CRT  is  a  Ca2+  binding 
protein,  we  have  examined  how  removing  Ca2+,  either  by  che¬ 
lation  or  by  deletion  of  Ca2+  binding  domains,  affects  CRT 
binding  to  the  GR  DBD  and  CRT-dependent  nuclear  export 
of  GR.  We  show  that  Ca2^  binding  to  CRT  is  necessary  for 
direct  binding  to  the  DBD  and  for  nuclear  export  of  GR  in 
permeabilized  cells.  This  Ca2+  requirement  involves  the  C- 
terminal  domain  of  CRT,  which  contains  multiple  low-affinity* 
high-capacity  binding  sites  for  Ca2+  (2).  Removal  of  the  C- 
terminal  domain  renders  CRT  insensitive  to  Ca2+  chelation, 
suggesting  that  this  domain  performs  a  regulatory  function  that 
is  linked  to  Ca2+  binding.  While  the  Ca2+-loaded  CRT  is 
active  for  GR  export  and  Ca2+-free  CRT  is  inactive  for  GR 
export,  the  opposite  is  the  case  for  NES  export  in  permeabil¬ 
ized  cells.  Thus,  Ca2+-loaded  CRT  is  inactive  for  Rev  export 
and  Ca2+-free  CRT  is  active  for  Rev  export.  The  Ca2  "‘'-loaded 
and  Ca2+-free  forms  of  CRT  were  shown  to  have  different 
sensitivities  to  proteases  (7),  indicating  that  CRT  adopts  dif¬ 
ferent  protein  conformations.  Our  data  show  that  these  Ca2+- 
dependent  conformations  of  CRT  are  correlated  with  the  abil¬ 
ity  to  recognize  different  protein  substrates.  Ca2+  depletion  in 
vivo  results  in  the  inhibition  of  GR  export,  consistent  with  a 
Ca2""  requirement  for  the  translocation  of  GR  from  the  nu¬ 
cleus  to  the  cytoplasm.  Our  finding  that  CRT  requires  Ca2+  for 
binding  and  nuclear  export  of  GR  suggests  a  potential  mech¬ 
anism  for  regulating  this  pathway. 

MATERIALS  AND  METHODS 

Plasmids  and  recombinant  proteins.  Standard  methods  were  used  for  the 
expression  and  purification  of  glutathione  5-transferase  (GST)-  and  His-tagged 
proteins,  all  of  which  were  stored  at  -80°C  as  single-use  aliquots.  The  plasmid 
encoding  the  GST  fusion  with  CRT  was  constructed  in  pGEX4T3,  using  the 
open  reading  frame  of  mouse  CRT  lacking  the  N-terminal  17-amino-acid  signal 
sequence.  GST-CRT  was  expressed  in  DH5a  bacteria  as  described  previously 

(18) .  Full-length  and  deletion  mutants  of  mouse  CRT  were  cloned  into  pQE30, 
and  the  His-tagged  proteins  were  expressed  in  TGI  bacteria  (3).  The  wild-type 
(WT)  and  NES  mutant  forms  of  PKI  (L41A,  L44A)  (44)  were  expressed  in 
BL21(DE3)  bacteria  and  purified  without  fusion  tags  as  described  previously 

(19) .  The  plasmid  encoding  a  hydrophobic  NES  was  generated  by  cloning  the 
DNA  sequence  that  encodes  residues  35  to  49  of  human  PKI  into  pGEX4T3. 
Likewise,  the  plasmid  encoding  a  nuclear  receptor  DBD  was  generated  by  clon¬ 


ing  the  DNA  sequence  that  encodes  residues  413  to  509  of  human  GR  (3).  The 
GST-NES  and  GST-DBD  proteins  immobilized  on  glutathione  beads  were  ei¬ 
ther  used  directly  for  binding  experiments  or  eluted  and  used  in  microtiter  plate 
binding  assays.  For  certain  competition  experiments,  WT  and  mutant  (MUT) 
forms  of  the  GR  DBD  (FF  to  AA)  were  expressed  as  GST  fusion  proteins, 
cleaved  from  GST  using  thrombin,  and  further  purified  by  ion-exchange  chro¬ 
matography  (3).  Plasmids  encoding  His-tagged  Ran  (WT,  Q69L,  and  T24N;  a 
gift  of  D.  Gorlich)  and  His-tagged  Crml  (a  gift  of  L.  Gerace)  were  used  to 
express  proteins  in  TGI  bacteria,  which  were  purified  on  Talon  resin  (Clontech). 

Binding  assays.  The  three  formats  used  for  the  solid-phase  binding  assays 
were  microtiter  wells,  biosensor  cuvettes,  and  Sepharose  beads.  The  microtiter 
well  assay  was  performed  as  described  previously  (4).  Briefly,  purified  target 
proteins  were  immobilized  in  high-binding  96-well  plates  (Costar  no.  3590) 
overnight  at  4°C  in  lx  transport  buffer  (30).  Unbound  protein  was  removed,  and 
the  plates  were  blocked  overnight  with  bovine  serum  albumin  (30  mg/ml).  Bind¬ 
ing  assays  (with  100-p.l  mixtures)  were  performed  in  triplicate,  using  radiolabeled 
Ran  and  CRT  or  Crml,  and  the  level  of  binding  was  measured  by  scintillation 
counting  as  described  previously  (4).  The  biosensor  assay  was  performed  as 
described  previously  (18).  Briefly,  biotinylated  NES  peptide  was  immobilized  in 
streptavidin-coated  cuvettes  (Fisons)  for  15  min  at  room  temperature.  The  cu¬ 
vettes  were  washed  with  PBS  and  used  for  binding  assays  with  the  proteins 
indicated  in  the  legend  to  Fig.  3.  A  detailed  description  of  the  Fisons  biosensor, 
which  measures  the  change  in  refractive  index  that  occurs  on  protein-ligand 
binding  and  dissociation,  has  been  published  (34).  The  Sepharose  bead  binding 
assays,  using  either  glutathione  beads  and  GST  proteins  or  Talon  beads  and 
His-tagged  proteins,  were  carried  out  by  standard  methods.  Briefly,  proteins 
were  immobilized  on  the  beads  and  blocked  overnight  with  bovine  serum  albu¬ 
min  (30  mg/ml),  and  the  assays  (with  100-p.l  mixtures)  were  performed  using  the 
proteins  indicated  in  the  legends.  The  bound  fractions  were  examined  by  immu- 
noblotting  using  antibodies  to  CRT  or  Crml  and  enhanced  chemiluminescence. 

Ca2_f  removal  from  CRT.  Ca2*  was  removed  from  CRT  by  a  published  pro¬ 
cedure  that  involves  treatment  with  EGTA  (43).  Recombinant  CRT  (0.5  mg/ml 
in  PBS)  was  incubated  for  10  min  at  30°C  in  the  presence  of  10  mM  EGTA,  and 
the  sample  was  then  transferred  to  ice.  Ca2+  was  rebound  to  CRT  by  supple¬ 
menting  half  of  the  EGTA-treated  sample  with  excess  CaCl2  (final  Ca2*  con¬ 
centration,  20  mM).  The  EGTA-  and  Ca2*  -treated  samples  were  used  at  a 
dilution  of  at  least  1:10  in  nuclear  export  and  binding  assays,  such  that  the 
maximum  concentration  of  EGTA  in  the  assays  was  mM. 

GR  export  assays.  Nuclear  export  of  GR  in  permeabiiized  cells  was  performed 
essentially  as  described  previously  (18),  except  that  a  stable  cell  line  expressing 
GR-GFP  (a  gift  of  G.  Hager)  was  used  instead  of  transiently  transfected  cells. 
The  cell  line  (3676  cells)  (27)  expresses  GR-GFP  under  the  control  of  a  tetra¬ 
cycline-regulated  promoter.  The  cells  were  grown  on  glass  coverslips  for  16  h  in 
the  absence  of  tetracycline  to  allow  GR-GFP  expression,  and  nuclear  import  of 
GR-GFP  was  induced  in  vivo  by  dexamethasone  (Dex;  lp,M)  addition  to  the 
media.  The  cells  were  permeabilized  with  digitonin  (0.005%)  for  5  min  and  used 
for  export  assays  in  vitro  with  the  combinations  of  transport  factors  indicated  in 
the  legends.  At  the  end  of  the  20-min  export  reaction,  the  samples  were  washed, 
fixed,  stained  with  4',6-diamidino-2-phenylindole  (DAPI),  and  mounted  on  glass 
slides.  Using  a  Nikon  Microphot  SA  microscope  (60x  objective,  numerical 
aperture  N.A.  =  1.40)  and  a  Hamamatsu  C-4 742-95  charge-coupled  device 
camera,  -50  nuclei  from  each  coverslip  were  selected  using  the  DAPI  channel 
and  DAPI  and  GFP  images  were  captured.  The  digital  images  were  acquired 
using  Openlab  2.06  on  a  Macintosh  G3  computer  (OS  9.0),  and  figures  were 
assembled  using  Adobe  Photoshop  5.5  and  Freehand  9.0.  Mixtures  for  reactions 
that  measured  export  and  import  in  the  same  nuclei  contained,  in  addition  to 
CRT  or  Crml,  the  fluorescent  protein  allophycocyanin  coupled  with  NLS  pep¬ 
tide  (APC-NLS)  and  recombinant  import  factors  (importins  and  NTF2). 

Hydrophobic  NES  export  assays.  The  assay  for  nuclear  export  of  Rev  in 
permeabilized  cells  has  been  described  previously  (RGG2.2  cells)  (18,  26).  The 
fluorescent  reporter  in  this  cell  line  (denoted  Rev-GFP)  also  contains  the  ligand 
binding  domain  of  GR,  which  confers  Dex-inducible  import  in  vivo.  Digitonin 
permeabilization,  nuclear  export,  and  analysis  using  fluorescence  microscopy 
were  performed  as  described  above  for  GR-GFP.  All  export  assay  mixtures 
contained  Ran,  NXT1,  and  RanBPl.  In  experiments  designed  to  test  the  role  of 
Ran  in  CRT-dependent  export,  the  T24N  and  Q69L  mutant  forms  of  Ran  were 
preloaded  with  unlabeled  GDP  and  GTP,  respectively,  and  unincorporated  nu¬ 
cleotide  was  removed  on  a  desalting  column. 

Ca2+  depletion  in  living  cells.  Nuclear  export  of  GR  was  assayed  under 
conditions  of  Ca2+  depletion  in  the  3676  cells  by  measuring  the  net  redistribution 
from  the  nucleus  to  the  cytoplasm.  Cells  expressing  GR-GFP  were  treated  with 
Dex  for  1  h  to  induce  nuclear  import  and  subsequently  transferred  to  phenol 
red-free  media  containing  ionomycin  (Ion;  1  p.M)  or  thapsigargin  (TG;  1  p.M)  in 
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the  presence  of  l,2-bis(0-aminophenoxy)ethane*^,A^',  N'-tetraacetic  acid- 
acetoxymethyl  ester  (BAPTA-AM;  10  fiM).  Cells  were  also  treated  with  dimeth- 
ylsulfoxide  (DMSO,  0.1%)  as  a  control  since  the  Ion  and  TG  were  prepared  as 
l,000x  stocks  in  DMSO.  At  0-,  3-,  and  6-h  time  points,  the  coverslips  were  fixed 
in  formaldehyde  (3.7%)  and  mounted  using  Vectashield.  The  ratio  of  nuclear  to 
cytoplasmic  GR-GFP  fluorescence  was  measured  using  Openlab  software  in  at 
least  50  cells  per  condition.  Similar  methods  were  used  to  assay  the  effect  of  Ca2~ 
depletion  on  Rev-GFP  export  using  the  RGG2.2  cells. 


RESULTS 

Assembly  of  CRT  complexes  in  vitro.  In  digitonin-permeabi- 
lized  cells,  CRT  can  stimulate  the  nuclear  export  of  proteins 
such  as  PKI  that  contain  a  hydrophobic  NES,  in  a  reaction  that 
is  dependent  on  Ran  (18).  In  addition,  CRT  can  stimulate  the 
nuclear  export  of  steroid  hormone  receptors  that  lack  a  hydro¬ 
phobic  NES.  The  export  signal  for  CRT-dependent  export  of 
steroid  hormone  receptors  is  contained  within  the  DBD  of 
these  proteins  (3).  The  lack  of  apparent  structural  similarity 
between  the  hydrophobic  NES  and  the  DBD  led  us  to  charac¬ 
terize  how  CRT  can  recognize  distinct  export  signals. 

Because  Ran  is  a  stoichiometric  component  of  export  com¬ 
plexes  that  contain  Crml  and  NES  proteins,  we  first  examined 
whether  Ran  might  also  function  as  a  component  of  export  com¬ 
plexes  that  contain  CRT.  Previously,  we  have  shown  that  Ran 
assembles  into  a  complex  containing  NES  and  CRT  (18).  In  the 
present  study,  we  tested  whether  Ran  can  assemble  into  a  com¬ 
plex  containing  the  DBD  of  GR  (amino  acids  413  to  509)  and 
CRT.  WT  PKI,  NES  MUT  PKI,  and  GST-DBD  were  immobi¬ 
lized  in  microtiter  wells  and  incubated  with  recombinant  CRT  or 
Crml  (5  pg  each)  in  the  presence  of  radiolabeled  RanGTP  (2  X 
104  cpm).  RanGTP  assembled  into  a  complex  with  CRT  or  Crml 
in  the  presence  of  WT  PKI.  The  reaction  is  specific  since  a 
functional  NES  in  PKI  is  required  for  complex  assembly.  In  con¬ 
trast  to  these  results  obtained  with  the  NES-containing  protein 
PKI,  RanGTP  did  not  coassemble  into  a  complex  with  CRT  or 
Crml  in  the  presence  of  the  DBD  from  GR  (Fig.  1  A).  Thus,  CRT 
binding  to  the  DBD  is  qualitatively  different  from  CRT  binding  to 
the  hydrophobic  NES,  since  only  the  latter  involves  RanGTP  as  a 
stoichiometric  component. 

We  carried  out  binding  reactions  with  the  DBD  immobilized 
on  glutathione  beads  and  confirmed  that  CRT  binds  directly  to 
the  DBD  and  that  binding  is  neither  enhanced  nor  prevented  by 
RanGTP  (Fig.  IB).  Under  the  reaction  conditions,  Crml  binding 
to  the  hydrophobic  NES  was  stimulated  by  the  presence  of 
RanGTP  (lane  6).  We  did  not  observe  Crml  binding  to  the  DBD 
in  the  absence  or  presence  of  RanGTP,  consistent  with  our  data 
that  Crml  is  not  the  receptor  for  proteins  that  use  the  DBD  as  an 
export  signal  (18).  Our  data  demonstrate  that  CRT  can  assemble 
into  two  types  of  export  complexes  in  vitro:  a  CRT-NES-RanGTP 
complex  and  a  CRT-DBD  complex. 

Ran-dependent  and  Ran-independent  export  by  CRT.  The 
results  of  our  binding  assays  suggested  that  CRT-mediated 
export  might  occur  by  both  Ran-independent  and  Ran-depen¬ 
dent  mechanisms.  That  is,  the  data  suggested  that  nuclear 
export  of  hydrophobic  NES-containing  proteins  could  be  Ran 
dependent  and  nuclear  export  of  DBD-containing  proteins 
could  be  Ran  independent.  We  tested  this  hypothesis  by  ma¬ 
nipulating  the  composition  and  concentration  of  recombinant 
export  factors  in  permeabilized  cell  assays,  using  GFP  fusions 
of  Rev  and  GR  as  the  export  substrates  to  assay  NES-  and 
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FIG.  1.  Formation  Of  export  complexes  involving  CRT  and  Crml. 
(A)  The  incorporation  of  RanGTP  into  complexes  containing  CRT 
and  Crml  was  assayed  using  Ran  preloaded  with  [*y-32P]  GTP.  Target 
proteins  were  immobilized  in  microtiter  wells  (500  ng/well),  and  CRT 
or  Crml  (5  pg  each)  was  added  to  each  well  together  with  2  X  104  cpm 
of  radiolabeled  RanGTP.  Following  incubation  for  1  h  at  room  tem¬ 
perature,  the  wells  were  washed  four  times  and  the  bound  fractions 
were  released  and  assayed  by  scintillation  counting.  (B)  RanGTP  is  not 
a  cofactor  for  CRT  binding  to  the  DBD.  Target  proteins  (1  pg  each) 
were  immobilized  on  glutathione  beads,  and  CRT  or  Crml  (500  ng 
each)  was  added  to  each  sample  in  the  absence  or  presence  of  Ran 
(1  Mff)  preloaded  with  cold  GTP.  The  samples  were  mixed  end  over 
end  for  2  h  at  room  temperature,  washed  three  times,  eluted,  and 
analyzed  by  immunoblotting  with  antibodies  to  CRT  and  Crml.  These 
data  show  that,  like  Crml,  NES  recognition  by  CRT  involves  RanGTP. 
In  contrast,  DBD  recognition  by  CRT  does  not  involve  RanGTP. 
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DBD-dependent  export,  respectively.  Both  GFP  export  sub¬ 
strates  contain  the  hormone  binding  domain  of  GR,  which 
directs  efficient  Dex-dependent  nuclear  import  in  vivo  (31). 
Following  a  digitonin  permeabilization  step,  nuclear  export  of 
the  GFP  reporters  can  be  stimulated  by  the  addition  of  soluble 
transport  factors  (26). 

We  tested  for  the  role  of  Ran  in  CRT-dependent  NES 
export  by  using  Rev,  which  contains  a  hydrophobic  NES  (LP- 
PLERLTL)  (10).  We  used  a  concentration  of  CRT  that  was 
determined  to  be  subsaturating  with  respect  to  Rev-GFP  ex¬ 
port.  In  the  presence  of  0.2  pM  CRT,  WT  Ran  preloaded  with 
GTP  stimulated  Rev-GFP  export  (Fig.  2A).  In  contrast,  the 
Ran  mutant  T24N,  which  mimics  the  GDP-bound  form  of  Ran, 
was  inactive  for  CRT-dependent  export.  The  Ran  mutant 
069L,  which  mimics  the  GTP-bound  form  of  Ran,  showed 
little  effect  on  export  mediated  by  CRT,  which  is  different  from 
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FIG.  2.  Ran  is  a  cofactor  for  NES-dependent  export  but  not  for  DBD-dependent  export.  Nuclear  export  was  assayed  by  supplementing 
digitonin-permeabilized  cell  assay  mixtures  with  CRT  (0.2  or  2.0  pM),  Crml  (0.2  pM),  and  different  forms  of  Ran  (1.9  pM  each).  NES-dependent 
export  was  assayed  using  a  cell  line  that  expresses  a  GFP  fusion  with  Rev  (RGG2.2)  (26),  and  DBD-dependent  export  was  assayed  using  a  cell 
line  that  expresses  a  GFP  fusion  with  GR  (3676)  (27).  The  Rev-GFP  fusion  also  contains  the  ligand  binding  domain  of  GR,  which  imparts 
ligand-dependent  nuclear  import  of  the  reporter  protein.  Prior  to  digitonin  permeabilization,  both  cell  lines  were  treated  with  Dex  (1  pM)  to 
induce  nuclear  import  of  the  GFP  reporters.  (A  and  B)  RanGTP  stimulates  Rev-GFP  export  in  the  presence  of  CRT  or  Ciml.  (C  and  D)  In 
contrast,  neither  WT  nor  MUT  forms  of  Ran  stimulate  GR-GFP  export  in  the  presence  of  CRT  or  Crml. 
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previous  results  obtained  using  another  RanGTP  mutant 
(G19V)  and  a  fluorescent  conjugate  of  PKJ  as  the  export  sub¬ 
strate  (18).  The  reason  for  this  discrepancy  is  unclear,  but  it 
could  relate  to  subtle  differences  in  the  structure  and  activity  of 
these  mutant  proteins  or  to  the  fact  that  different  NES  proteins 
were  used  in  the  two  assays,  or  both.  Crml  in  these  assays  (Fig. 
2B)  supports  robust  export  of  Rev-GFP  in  the  presence  of  WT 
Ran  preloaded  with  GTP.  In  the  presence  of  the  Ran  mutant 
Q69L,  a  moderate  level  of  export  was  observed,  while  the  Ran 


mutant  T24N  failed  to  support  Crml-dependent  export.  Thus, 
Ran  stimulates  both  CRT-  and  Crml-dependent  export  in  this 
system,  and  maximal  export  activity  of  either  protein  is  ob¬ 
served  only  in  the  presence  of  WT  Ran. 

GR-GFP  export  was  assayed  at  the  same  concentration  of 
CRT  (0.2  pM)  that,  in  the  presence  of  RanGTP,  promotes 
efficient  export  of  Rev  GFP.  We  determined  that  the  addition 
of  subsaturating  CRT  together  with  Ran  does  not  support 
nuclear  export  of  GR.  We  also  found  that  the  addition  of  Crml 
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and  RanGTP  at  concentrations  (0.2  and  1.9  pM,  respectively) 
that  promote  efficient  Rev  export  fails  to  support  GR  export. 
These  transport  data  correlate  with  our  in  vitro  binding  data, 
since  CRT-dependent  binding  and  export  of  an  NES-contain- 
ing  protein  is  dependent  on  RanGTP.  In  contrast,  CRT-de¬ 
pendent  binding  and  export  of  the  DBD  appears  to  be  inde¬ 
pendent  of  Ran.  In  the  context  of  permeabilized  cell  assays, 
CRT  can  substitute  for  Crml  in  the  NES  pathway;  however, 
Crml  cannot  substitute  for  CRT  in  the  DBD  pathway. 

Overlapping  export  substrate  binding  sites  on  CRT.  We 
considered  two  models  to  account  for  the  ability  of  CRT  to 
bind  and  mediate  the  nuclear  export  of  two  substrates  with 
apparently  unrelated  export  signals.  In  the  first  model,  CRT 
could  contain  two  distinct  substrate  binding  sites,  with  only  one 
of  the  two  sites  regulated  by  RanGTP.  In  the  second  model, 
CRT  could  contain  a  single  substrate-  binding  site  that  accom¬ 
modates  both  types  of  substrate  and  could  use  RanGTP  to 
regulate  the  binding  of  only  one  of  the  two  types  of  substrate. 
We  reasoned  that  if  CRT  uses  a  single  substrate  binding  site 
(or  a  single  type  of  binding  site),  then  CRT  binding  to  the 
DBD  should  be  inhibited  in  the  presence  of  excess  NES.  To 
address  this  issue,  we  assayed  CRT  binding  to  an  immobilized 
DBD  in  the  absence  and  presence  of  WT  and  NES  mutant 
forms  of  PKI.  CRT  binding  to  the  DBD  was  reduced  by  the 
presence  of  WT  PKI  but  not  by  the  NES  mutant  form  of  PKI 
(Fig.  3A).  Our  data  are  consistent  with  a  single  type  of  sub¬ 
strate  binding  site  on  CRT,  although  we  cannot  rule  out  the 
possibility  that  CRT  contains  a  second  substrate  binding  site 
that  is  inhibited  by  an  allosteric  mechanism. 

We  also  tested  whether  CRT  contains  a  single  type  of  sub¬ 
strate  binding  site  by  assaying  nuclear  export  in  permeabilized 
cells.  Nuclear  export  of  GR-GFP  was  tested  in  the  absence  and 
presence  of  WT  and  NES  mutant  forms  of  PKI.  Inclusion  of 
excess  WT  PKI  (12  pM)  in  the  reaction  mixture  inhibited  the 
nuclear  export  of  GR,  whereas  inclusion  of  the  NES  mutant 
form  of  PKI  at  the  same  concentration  had  no  effect  (Fig.  3B). 
GR  export  mediated  by  CRT  was  blocked  by  excess  GR  DBD 
(4.5  pM),  consistent  with  previous  data  showing  that  the  DBD 
functions  as  the  signal  for  nuclear  export  of  GR  (3,  18). 

The  assays  described  above  (Fig.  3A  and  B)  were  designed 
to  measure  the  effect  of  excess  NES  on  CRT  binding  to,  and 
export  of,  the  DBD.  We  performed  analogous  protein  binding 
and  nuclear  export  experiments  that,  instead,  measured  the 
effect  of  excess  DBD  on  the  interaction  between  CRT  and  the 
NES  (Fig.  3C).  In  the  biosensor  assay,  CRT  binding  to  the 
NES  (green  tracing)  or  Crml  binding  to  the  NES  (purple 
tracing)  were  both  observed,  but  only  in  the  presence  of  Ran 
GTP.  CRT  binding  to  the  NES  was  reduced  markedly  by  the 
presence  of  a  WT  DBD  (light  blue  tracing),  but  this  interaction 
was  unaffected  by  the  presence  of  a  MUT  DBD  (dark  blue 
tracing).  The  ability  of  the  DBD  to  compete  with  NES  for 
binding  to  CRT  provides  evidence  that  a  single  type  of  binding 
site  is  used  for  both  substrates. 

The  effect  of  excess  DBD  on  CRT-dependent  export  of  NES 
substrate  was  tested  in  permeabilized  cells  by  using  Rev-GFP 
as  a  reporter.  CRT-dependent  export  of  Rev-GFP  was  inhib¬ 
ited  by  excess  DBD  and,  as  expected,  by  excess  WT  PKI  (Fig. 
3D).  Addition  of  excess  WT  PKI  resulted  in  inhibition  of 
Crml -dependent  export  of  Rev-GFP,  while  addition  of  excess 
DBD  had  no  effect  on  Rev-GFP  export  (data  not  shown).  In 
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summary,  our  results  demonstrate  that  (i)  CRT  can  bind  to  and 
mediate  the  nuclear  export  of  a  protein  that  contains  either  a 
hydrophobic  NES  or  a  steroid  hormone  receptor  DBD,  (ii) 
CRT-dependent  binding  and  export  of  a  protein  containing  the 
hydrophobic  NES  is  dependent  on  Ran,  (iii)  CRT-dependent 
binding  and  export  of  a  protein  containing  an  appropriate 
DBD  is  not  dependent  on  Ran,  and  (iv)  CRT  uses  a  similar 
substrate  binding  site  for  proteins  that  contain  either  a  hydro- 
phobic  NES  or  an  appropriate  DBD. 

Ca2+  is  critical  for  CRT  export  activity.  CRT  was  originally 
discovered  as  a  Ca2+  binding  protein  (29),  and  many  of  its 
functions  in  the  ER  have  been  proposed  to  be  linked  to  its 
ability  to  bind  Ca2+  (20).  To  determine  if  Ca2+  influences  the 
nuclear  export  activity  of  CRT,  we  used  an  established  method 
to  release  Ca2+  from  recombinant  CRT  (43)  and  tested  the 
protein  in  binding  and  transport  assays.  EGTA-induced  Ca2+ 
release  from  CRT  resulted  in  the  loss  of  CRT  binding  to  the 
DBD.  Binding  to  the  DBD  was,  however,  restored  by  the 
addition  of  excess  Ca2+  (Fig.  4A).  Ca2+  removal  from  CRT 
caused  a  corresponding  reduction  in  its  capacity  to  promote 
nuclear  export  of  GR  in  permeabilized  cells,  and  the  export 
activity  was  restored  by  the  addition  of  excess  Ca2+  (Fig.  4B). 
Unexpectedly,  the  capacity  of  CRT  to  mediate  nuclear  export 
of  the  NES  substrate  Rev-GFP  was  unaffected  by  EGTA,  and 
the  addition  of  excess  Ca2+  to  this  assay  actually  inhibited 
Rev-GFP  export  (Fig.  4C).  The  effect  of  Ca2+  on  Rev-GFP 
export  appears  to  be  linked  to  CRT  since  these  treatments  did 
not  affect  Crml-dependent  export  of  Rev-GFP  (Fig.  4D). 
These  data  suggest  that  the  Ca2+-bound  state  of  CRT  deter¬ 
mines  whether  it  binds  to  DBD-  or  NES-containing  proteins 
and  that  these  interactions  are  mutually  exclusive  under  the 
conditions  used  in  our  assays. 

We  considered  it  formally  possible  that  addition  of  EGTA  to 
digitonin-permeabilized  cells  could  block  GR  export  by  inhib¬ 
iting  NPC  function.  Ca2+  depletion  in  cells  has  been  reported 
to  inhibit  the  nuclear  import  of  an  NLS  reporter  protein  (15), 
and  there  is  structural  evidence  that  depletion  of  Ca2+  from 
the  lumen  of  the  nuclear  envelope  can  alter  NPC  structure 
(41).  It  was  also  possible  that  Ca2+-free  CRT  might  accumu¬ 
late  at  the  NPC  and  block  transit  through  the  nuclear  pore.  We 
addressed  this  issue  in  a  permeabilized  cell  assay  that  recon¬ 
stitutes  both  nuclear  import  and  export  (Fig.  5A),  reasoning 
that  nuclear  import  would  provide  a  relevant  readout  of  NPC 
activity  that  is  independent  of  nuclear  export.  Import  in  these 
assays  was  reconstituted  by  the  addition  of  a-  and  p-importin, 
Ran,  and  NTF2  and  was  monitored  by  the  nuclear  accumula¬ 
tion  of  allophycocyanin  conjugated  with  the  simian  virus  40 
large  T-antigen  NLS  (APC-NLS).  EGTA  effectively  blocked 
GR  export  without  affecting  APC-NLS  import  (Fig.  5B). 
Moreover,  excess  Ca2+  blocked  CRT-dependent  export  of 
Rev-GFP  without  affecting  APC-NLS  import.  This  effect  was 
specific  to  CRT  since  Crml-dependent  export  of  Rev-GFP  was 
unaffected  by  excess  Ca2+  (Fig.  5C).  Our  data  are  consistent 
with  Ca2+-mediated  regulation  of  the  activity  of  CRT  and  not 
with  the  inactivation  of  NPC  function.  We  note  that  our  stan¬ 
dard  assay  buffer  contains  1  mM  EGTA.  Because  this  condi¬ 
tion  is  permissive  for  CRT-dependent  export,  removal  of  Ca2+ 
from  CRT  may  require  the  higher  concentration  of  EGTA  (10 
mM)  or  pretreatment  of  purified  CRT  with  EGTA  at  30°C,  or 
both. 
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FIG.  3.  The  DBD  and  hydrophobic  NES  use  a  common  or  overlapping  binding  site  on  CRT.  (A)  Binding  assay  with  GST-DBD  or  GST  (2  pg 
each)  immobilized  on  glutathione  beads  and  CRT  (500  ng),  RanGTP  (2  pg),  and  WT  or  MUT  PKI  (2  pg)  added  in  solution.  The  bound  fractions 
were  analyzed  by  immunoblotting  for  CRT.  Including  WT  PKI  in  the  reaction  reduced  the  level  of  CRT  bound  to  the  DBD,  indicating  that  these 
proteins  bind  to  similar  sites  on  CRT.  This  competition  was  not  observed  when  RanGTP  was  omitted  from  the  assay  (data  not  shown),  consistent 
with  Ran  acting  as  a  cofactor  for  NES  binding  but  not  for  DBD  binding.  (B)  Nuclear  export  of  GR-GFP  was  assayed  in  permeabilized  cells  using 
CRT  (2.0  pM)  in  the  presence  of  buffer,  excess  DBD  (4.5  pM),  or  PKI  (12  pM  WT  or  MUT).  (C)  Competitive  binding  interactions  between  NES, 
DBD,  and  CRT  measured  in  a  biosensor  assay.  NES  peptide  was  immobilized  on  the  cuvette  surface  through  a  biotin-neutravidin  linkage  and  was 
used  to  measure  the  Ran-dependent  binding  of  CRT  in  the  absence  and  presence  of  DBD  in  the  solution.  The  proteins  used  in  the  assay  were 
CRT  (1.1  pM),  Crml  (1.1  pM),  RanQ69L  (1.9  pM),  and  WT  and  MUT  DBD  from  GR  (9.1pM  each).  CRT  binds  efficiently  to  NES  peptide  in 
the  presence  of  Ran  (green  tracing),  and  this  can  be  competed  with  the  WT  DBD  (light  blue  tracing)  but  not  with  the  transport-defective  MUT 
DBD  that  contains  the  FF-to-AA  mutations  (dark  blue  tracing).  Crml  binding  to  the  NES  is  unaffected  by  the  presence  of  excess  DBD  (fuchsia 
tracing).  (D)  The  DBD  competes  with  NES  in  the  CRT-dependent  export  pathway.  The  cell  line  expressing  Rev-GFP  was  used  to  assay  export 
in  the  presence  of  CRT  (1.1  pM),  WT  PKI  (12  pM),  and  WT  DBD  (9.1  pM)  as  indicated. 


The  P-domain  and  C-terminal  domain  of  CRT  Impart  Ca2+ 
regulation.  As  diagrammed  in  Fig.  6A,  the  domain  structure  of 
CRT  includes  an  acidic  C-terminal  domain  that  contains  mul¬ 
tiple  low-affinity,  high-capacity  Ca2*  binding  sites  (KD  ~  2 


mM;  >25  mol/mol)  and  a  proline-rich  P-domain  that  contains 
high-affinity,  low-capacity  Ca2*  binding  sites  (KD  **  1  y.M)  (2). 
In  light  of  our  data  showing  that  Ca2+  can  regulate  CRT- 
dependent  export  of  GR,  we  examined  whether  the  C-terminal 
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pretreatment  of  CRT  and  Crml  with  EGTA  is  described  in  Materials  and  Methods.  P  ^  1  he 


domain  is  required  for  CRT  activity  in  our  assays.  CRT  mu¬ 
tants  lacking  a  portion  of  the  C-terminal  domain  (retaining 
residues  1  to  350)  or  the  entire  C-terminal  domain  (retaining 
residues  1  to  273)  were  still  functional  for  nuclear  export  of 
Rev-GFP,  and  the  activities  of  these  mutants  was  blocked  by 
excess  Ca2+  (Fig.  6B  to  D).  From  these  data  we  infer  that  the 
Ca2+ -dependent  inhibition  of  hydrophobic  NES  export  by 
CRT  can  be  ascribed  to  the  high-affinity  low-capacity  Ca2+ 
binding  site  in  the  P-domain. 

The  deletion  mutants  were  also  examined  for  the  Ca2+  de¬ 
pendence  of  DBD  binding  and  GR  export.  We  found  that  the 
deletion  mutants  still  bound  to  the  DBD  in  the  presence  of 
Ca2  and  that  the  mutant  (residues  1  to  273)  lacking  the  entire 
C-terminal  domain  was  able  to  bind  to  the  DBD  in  the  pres¬ 
ence  of  EGTA,  albeit  to  a  lesser  extent  than  was  the  full-length 
CRT  (Fig.  6E).  This  suggests  that  in  the  absence  of  Ca2+,  the 


C-terminal  domain  normally  exerts  a  negative  regulation  on 
the  substrate  binding  activity  of  CRT.  Removal  of  the  entire 
C-terminal  domain  (residues  1  to  273)  also  resulted  in  loss  of 
the  EGTA-dependent  inhibition  of  GR  export  that  is  observed 
with  both  the  full-length  and  partial  C-terminal  domain  dele¬ 
tion  mutant  (Fig.  6F  to  H).  These  data  indicate  that  the  low- 
affinity,  high-capacity  Ca2+  binding  sites  in  the  C-terminal 
domain  of  CRT  are  not  required  for  nuclear  export  of  hydro- 
phobic  NES  or  DBD-containing  proteins  but  that  they  do 
contribute  a  regulatory  function.  The  Ca2+  binding  sites  in  the 
C-terminal  domain  are  important  for  the  EGTA-sensitive  GR 
export,  and  the  Ca2+  binding  site  in  the  P-domain  appears  to 
be  sufficient  to  confer  Ca2+-induced  inhibition  of  NES  export. 

GR-GFP  Export  is  Sensitive  to  Ca2+  Depletion.  Our  results 
showing  that  GR  undergoes  CRT-  and  Ca 2 + -sensitive  export 
in  permeabilized  cells  prompted  us  to  examine  whether  this 
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FIG.  5.  Ca  chelation  with  EGTA  inhibits  CRT-dependent  export  without  affecting  nuclear  import  in  permeabilized  cells.  (A)  Diagram 
illustrating  the  assay  for  nuclear  import  (APC-NLS)  and  export  (GR-GFP)  in  the  same  cells.  (B)  EGTA  blocks  CRT-dependent  export  of  GR-GFP 
without  affecting  the  nuclear  import  of  APC-NLS  in  the  presence  of  P-importin,  Rchl,  Ran,  NTF2,  NXTI ,  and  RanBPl  (50iig/ml  each).  (C)  Excess 
Ca  blocks  CRT-dependent  export  of  Rev-GFP  without  affecting  the  nuclear  import  of  APC-NLS. 


pathway  is  operational  in  living  cells.  The  3676  cell  line  (27), 
which  stably  expresses  GR-GFP,  was  treated  with  Dex  to  in¬ 
duce  import  and  then  transferred  to  Dex-free  medium  that 
contained  reagents  known  to  deplete  luminal  and  cytosolic 
Ca2+ .  The  effect  of  Ca2+  depletion  on  nuclear  export  was 
examined  by  fluorescence  microscopy  after  6  h  and  quantitated 
by  measuring  the  nuclear/cytoplasmic  fluorescence  ratio  of 
GR-GFP.  The  conditions  included  treatment  with  the  Ca2+ 
ionophore  Ion  (1  pM)  or  the  ER  Ca2+  pump  inhibitor  TG 
(1  pM).  The  membrane-permeable  form  of  BAPTA-AM 
(10  pM)  was  included  with  Ion  and  TG  to  chelate  Ca2+  that 
was  released.  We  found  that  Ion  or  TG  administered  in  the 
presence  of  BAPTA-AM  were  both  effective  at  blocking  the 
nuclear  export  of  GR-GFP  (Fig.  7A),  During  the  export  phase 
of  the  experiment,  the  nuclear/cytoplasmic  fluorescence  in  the 
control  cells  showed  a  significant  reduction  from  11.9  ±  2.1  to 
1.5  ±  1.5  (Fig.  7B).  In  contrast,  the  nuclear/cytoplasmic  fluo¬ 
rescence  in  the  Ion-  and  TG-treated  cells  showed  only  a  slight 
reduction,  to  9.9  ±  1.2  and  10.5  ±  0.9,  respectively. 

It  is  unlikely  that  Ion,  TG,  and  BAPTA-AM  cause  a  global 
disruption  of  NPC  structure  because  NES-dependent  export  of 
Rev-GFP  continues  under  Ca2+  depletion  conditions  in  vivo 
(Fig.  7C)  as  well  as  in  vitro  (26).  The  transport  of  other  cargos 
is  unaffected  by  Ca2+  depletion  in  vivo,  including  Crml -de¬ 
pendent  nuclear  export  of  mitogen-activated  protein  kinase- 
activated  protein  kinase  2  (42)  and  importin/karyopherin-de- 
pendent  nuclear  import  of  Rev-GFP  (B.  Black,  unpublished 
observations).  Our  finding  that  nuclear  export  of  GR  in  per¬ 


meabilized  cells  is  sensitive  to  the  Ca2+-bound  state  of  the 
CRT  used  in  the  assays  suggests  that  depletion  of  Ca2+  in  vivo 
blocks  the  CRT-dependent  export  of  GR  in  the  cell. 

DISCUSSION 

Our  study  has  revealed  that  Ca2+  and  RanGTP  can  regulate 
the  nuclear  export  activity  of  CRT.  Ca2+  binding  to  CRT  is 
necessary  for  its  interaction  with  the  DBD  of  GR  in  solid- 
phase  binding  assays  and  for  nuclear  export  of  GR  in  digitonin- 
permeabilized  cell  assays.  These  interactions  appear  to  be  in¬ 
dependent  of  Ran,  since  Ran  is  not  required  for  CRT  binding 
to  the  DBD.  Ran  does  not  stimulate  GR  export  when  CRT  is 
rate-limiting  in  the  assay,  and  GTPase-deficient  mutants  of 
Ran  do  not  block  GR  export.  Under  conditions  where  the 
low-affinity  Ca2+  binding  sites  of  CRT  are  saturated  with  Ca2", 
CRT  does  not  support  the  nuclear  export  of  a  hydrophobic 
NES  substrate.  The  export  capacity  for  a  hydrophobic  NES 
substrate  can  be  restored  by  EGTA-mediated  removal  of  Ca2+ 
from  CRT.  Under  these  conditions  of  low  Ca2+,  RanGTP  acts 
as  a  stimulatory  factor  of  CRT  in  a  mechanism  that  involves 
the  assembly  of  CRT,  NES,  and  RanGTP  into  a  complex  (18). 
Collectively,  our  data  suggest  that  Ca2+  binding  determines 
whether  CRT  interacts  with  DBD  containing  cargo  or  with 
NES-containing  cargo,  and  only  the  latter  involves  Ran. 

The  characterization  of  CRT  over  the  past  several  years  has 
revealed  that  it  can  associate  with  structurally  distinct  sub¬ 
strates  (20).  Studies  of  the  chaperone-like  functions  of  CRT 
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FIG.  6.  The  low-affinity  Ca  +  binding  sites  in  the  C-terminal  domain  of  CRT  are  not  essential  for  nuclear  export  activity.  (A)  Diagram  of  the 
CRT  structure  and  sites  of  Ca  +  binding.  (B  to  D)  Export  assays  performed  with  CRT  proteins  containing  deletions  in  the  low-affinity  Ca2+  binding 
C-terminal  domain.  CRT  lacking  the  entire  C-terminal  domain  retains  its  Ca2+ -dependent  inhibition  of  NES  export,  indicating  that  this  is  probably 
due  to  the  high-affinity,  low-capacity  Ca2+  binding  site.  (E)  EGTA-sensitive  binding  of  CRT  to  the  DBD  is  partially  lost  on  removal  of  the 
C-terminal  domain  (residues  1  to  273).  (F  to  H)  Removal  of  the  entire  C-terminal  domain  (residues  1  to  273)  from  CRT  abrogates  the  EGTA- 
sensitive  export  of  GR.  Although  the  C-termina!  domain  of  CRT  is  not  required  for  export,  it  is  necessary  for  Ca2+  regulation  of  GR  export. 


proposed  to  occur  in  the  ER  lumen  have  addressed  the  in  vitro 
interaction  of  CRT  with  oligosaccharides,  both  free  in  solution 
and  as  a  structural  component  of  glycoproteins.  CRT  is  capa¬ 
ble  of  binding  directly  to  high-mannose-containing  oligosac¬ 


charides,  and  CRT  can  partially  suppress  the  aggregation  of 
certain  glycosylated  proteins  exposed  to  elevated  temperatures 
(35).  It  can  also  suppress  the  thermal  aggregation  of  nongly- 
cosylated  proteins  (35).  These  data  have  been  taken  as  evi- 
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FIG.  7.  Ca2+  depletion  in  vivo  inhibits  the  nuclear  export  of  GR. 
(A)  Representative  fields  of  cells  expressing  GR-GFP  after  induction 
of  nuclear  import  with  Dex  (Import).  Following  Dex  removal,  the  cells 
were  treated  for  5  h  with  vehicle  (DMSO),  Ion  and  BAPTA-AM,  or 
TG  and  BAPTA-AM,  and  the  GR-GFP  distribution  was  recorded  in 
living  cells.  (B)  Measurements  of  the  nuclear/cytoplasmic  (Nuc/Cyto) 
ratios  of  GR-GFP  fluorescence  in  cells  incubated  under  conditions 
that  deplete  Ca2+.  Depletion  of  luminal  stores  of  Ca2+  with  Ion  and 


dence  that  in  the  ER,  CRT  may  use  both  its  lectin  and  peptide 
binding  properties  to  stabilize  protein-folding  intermediates. 
The  view  that  CRT  participates  in  the  folding  of  glycoproteins 
in  the  ER  is  logical,  given  the  sequence  relatedness  (34% 
identity;  expectation  value,  <10“5°)  and  functional  similarities 
to  the  ER  chaperone  calnexin.  Calnexin  is  a  key  component  of 
a  quality  control  pathway  that  monitors  the  folding  state  of 
glycoproteins  in  the  ER.  The  current  view  is  that  calnexin  and 
CRT  interact  transiently  with  protein-folding  intermediates, 
effectively  retaining  them  in  the  ER  until  a  native  conforma¬ 
tion  is  attained  (17). 

Studies  of  the  functions  of  CRT  that  occur  outside  the  ER 
have  yielded  an  even  more  diverse  collection  of  substrates  (20). 
These  include  the  cytoplasmic  domain  of  a-integrins  (33),  ste¬ 
roid  hormone  receptors  (6),  NES-containing  proteins  (18),  and 
a  stem-loop  structure  from  rubella  virus  RNA  (38).  Some  of 
these  substrates  contain  a  binding  site  for  CRT  that  can  be 
recognized  at  the  sequence  level,  while  other  substrates  seem 
structurally  distinct.  The  site  within  a-integrin  recognized  by 
CRT  is  the  sequence  KXGFFKR,  which  is  similar  to  the  se¬ 
quence  KVFFKR  within  the  DNA  recognition  helix  of  GR  and 
other  nuclear  receptors.  The  NESs  in  PKI  (LALKLAGLDIN) 
and  Rev  (LPPLERLTL)  are  similar  to  each  other,  but  they 
show  little  resemblance  to  the  CRT  binding  sites  in  a-integrin 
and  the  DNA  recognition  helix.  One  feature  that  is  shared  by 
most  of  these  signals  is  the  presence  of  hydrophobic  amino 
acids  that,  when  mutated,  abrogates  binding  to  CRT.  In  the 
case  of  the  hydrophobic  NES,  the  critical  leucines  are  probably 
part  of  an  amphipathic  helix  and  the  side  chains  are  predicted 
to  physically  contact  the  receptors  Crml  and  CRT.  This  is  not 
the  case  for  the  two  phenylalanines  within  the  DNA  recogni¬ 
tion  helix  that  are  necessary  for  binding  to  CRT  (3).  The 
crystal  structures  of  different  nuclear  receptors  reveal  that  the 
phenylalanine  side  chains  pack  against  the  core  of  the  DBD,  at 
least  when  bound  to  DNA  (32).  Thus,  the  FF-to-AA  mutations 
in  the  DNA  recognition  helix  of  GR  that  inhibit  nuclear  export 
probably  affect  the  folding  of  the  DBD,  resulting  in  a  structure 
that  is  no  longer  recognized  by  CRT  (3). 

How  does  CRT  recognize  its  substrates?  Our  present  study 
and  previous  work  from  other  laboratories  suggest  that  the 
N-terminal  domain  mediates  substrate  recognition  and  that 
regulation  of  binding  is  imparted  by  the  Ca2*-dependent  con¬ 
formational  changes  in  the  P-domain  and  C-terminal  domain 
of  CRT.  Multiple  low-affinity  Ca2+  binding  sites  are  contained 
within  the  C-terminal  domain  of  CRT,  and  at  least  one  high- 
affinity  Ca2+  binding  site  is  contained  in  the  middle  domain 
(P-domain)  (2).  Ca2+  is  a  cofactor  for  CRT  binding  to  oligo¬ 
saccharides,  glycoproteins,  and  certain  nonglycosylated  pro¬ 
teins  in  vitro  (43).  Moreover,  in  our  assays,  Ca2+  is  necessary 
for  the  physical  interaction  between  CRT  and  the  DBD  as 


TG  and  chelation  with  BAPTA-AM  results  in  significant  reduction  of 
GR  export  to  the  cytoplasm.  (C)  Depletion  of  luminal  Ca2+  stores 
does  not  inhibit  NES  export.  The  RGG  2.2  cell  line  expressing  Rev- 
GFP  was  treated  with  Dex  to  induce  importing  of  the  reporter,  which 
concentrates  in  the  nucleoli.  The  cells  were  then  maintained  for  6  h 
under  conditions  that  deplete  Ca2+.  During  the  last  1  h,  Dex  was 
removed  to  allow  Rev-GFP  export  to  the  cytoplasm.  Rev-GFP  export 
was  observed  whether  or  not  Ca2+  was  depleted. 
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measured  by  direct  binding  and  as  assayed  by  nuclear  export  of 
GR  in  permeabilized  cells. 

Ca2+  binding  induces  structural  changes  in  CRT  that  dra¬ 
matically  alter  its  fragmentation  pattern  that  results  when  it  is 
treated  with  several  different  proteases  (7).  Of  particular  rel¬ 
evance  to  our  study  is  the  N-terminal  27  kDa  of  CRT,  which  is 
protected  from  tryptic  digestion  in  the  presence  of  Ca2+  but  is 
highly  susceptible  in  the  absence  of  Ca2^  (7).  This  protease- 
resistant  core  of  CRT  retains  at  least  one  high-affinity  Ca2_H 
binding  site  from  the  P-domain,  while  all  of  the  low-affinity 
Ca2+  binding  sites  in  the  C-terminal  domain  are  removed  by 
digestion.  We  found  that  a  CRT  deletion  mutant  (residues  1  to 
273)  that  contains  the  protease-resistant  core  is  still  functional 
for  nuclear  export  of  GR  in  permeabilized  cells,  indicating  that 
the  low-affinity  Ca2+  binding  sites  are  dispensable  for  our 
assays  that  score  a  positive  interaction  between  CRT  and  GR. 
It  is  interesting  that  this  CRT  deletion  mutant  (residues  1  to 
273)  shows  some  Ca2+-independent  binding  to  the  DBD,  al¬ 
though  the  high-affinity  Ca2+  binding  site  is  still  present  in  this 
mutant.  The  fact  that  the  C-terminal  Ca2_H  binding  sites  are 
necessary  for  EGTA-induced  inhibition  of  CRT  binding  to  the 
DBD  strongly  suggests  that  the  C-terminal  domain  functions  in 
negative  regulation  of  substrate  binding.  We  have  also  ob¬ 
served  that  the  N-terminal  domain  of  CRT  (residues  1  to  150) 
expressed  as  a  GST  fusion  protein  is  sufficient  to  mediate 
nuclear  export  of  GR  in  permeabilized  cells  (unpublished  ob¬ 
servations).  This  is  consistent  with  previous  data  showing  that 
the  N-terminal  domain  of  CRT  can  block  GR  binding  to  the 
GRE  in  vitro  (6).  All  available  information  indicates,  there¬ 
fore,  that  the  N-terminal  domain  of  CRT  is  the  substrate 
binding  domain  that  physically  contacts  the  DBD  of  GR.  We 
infer  that  the  N-terminal  domain  also  binds  hydrophobic  NES 
substrates,  since  the  DBD  and  NES  display  competitive  inter¬ 
actions  with  CRT  in  our  binding  assays. 

Emerging  structural  information  provides  a  context  for  in¬ 
terpreting  how  Ca2+  might  regulate  CRT  activity.  Although 
the  atomic  structure  of  CRT  has  not  yet  been  solved,  the 
structure  of  the  luminal  domain  of  calnexin,  which  is  35% 
identical  to  CRT,  has  been  solved  at  2.9  A  resolution  (37).  The 
structure  of  calnexin  reveals  that  it  contains  a  compact  globular 
domain  (residues  61  to  262  and  415  to  458)  and  a  large  hairpin 
that  forms  a  highly  extended  arm  (residues  277  to  410).  Tan¬ 
dem  repeats  in  the  P-domain  comprise  the  arm,  which  projects 
140  A  away  from  globular  domain.  The  hairpin  structure  brings 
the  N-  and  C-terminal  domains  together  to  form  the  globular 
domain  (37).  Thus,  the  close  proximity  of  these  domains  may 
help  explain  how  the  occupancy  of  Ca2^  binding  sites  in  the 
C-terminal  domain  can  influence  substrate  recognition  by  the 
N-terminal  domain  in  both  calnexin  and  CRT.  The  nuclear 
magnetic  resonance  spectroscopy  structure  of  the  P-domain  of 
CRT  (residues  189  to  288)  was  recently  solved,  and,  like  cal¬ 
nexin,  this  domain  forms  a  highly  extended  arm  (9).  The  crystal 
structure  of  calnexin  and  the  nuclear  magnetic  resonance  spec¬ 
troscopy  structure  of  the  P-domain  of  CRT  were  both  solved  in 
the  presence  of  Ca2*\  and  so  the  basis  of  Ca2+-dependent 
changes  in  structure  awaits  further  studies.  It  has  been  sug¬ 
gested  that  the  P-domain  or  arm  is  a  Ca2+-sensitive  protein 
interaction  site  for  CRT  (9). 

Does  Ca2_h  regulate  the  engagement  of  CRT  with  nuclear 
export  substrates?  Both  cytoplasmic  and  nuclear  Ca2**-  levels 


can  respond  to  signaling  events,  and  in  some  cases  the  modu¬ 
lation  of  nuclear  Ca2+  occurs  independently  of  cytoplasmic 
Ca2+  (36).  Depending  on  the  system  and  method  of  measure¬ 
ment,  Ca2+  levels  in  the  cell  are  thought  to  increase  to  approx¬ 
imately  micromolar  concentrations  on  stimulation  (5).  This 
concentration  would  be  predicted  to  fill  the  high-affinity  Ca2+ 
binding  sites  on  CRT  but  not  the  low-affinity  sites.  It  should  be 
noted,  however,  that  the  affinity  of  CRT  for  Ca2_h  was  mea¬ 
sured  in  vitro.  While  it  is  clear  that  CRT  contains  at  least  two 
classes  of  binding  sites  with  different  affinities  for  Ca2+,  dem¬ 
onstrating  the  Ca2*^  occupancy  of  particular  sites  on  CRT  in 
the  cell  may  require  the  development  of  fluorescence-based 
assays  that  can  register  Ca2+  binding.  This  approach  could  be 
used  to  determine  if  Ca2+  is  constitutively  bound  to  CRT  or 
if  Ca2^  binds  reversibly,  thereby  acting  as  a  regulator  of 
CRT  function.  We  speculate  that  transient  increases  in  Ca2+ 
concentration,  theoretically,  could  promote  the  assembly  of 
CRT-DBD  complexes  in  the  nucleus.  The  complex  could  then 
undergo  export  to  the  cytoplasm,  where  the  complex  is  disas¬ 
sembled,  which  would  be  favored  by  low  free  Ca2+  concentra¬ 
tions. 

Although  the  origin  of  nuclear  Ca2+  remains  an  issue  of 
debate,  it  is  clear  that  processes  including  transcription  are 
regulated  by  nuclear  Ca2+  (16).  Several  observations  are  ac¬ 
tually  consistent  with  the  notion  that  Ca2+  gradients  between 
the  nucleus  and  cytoplasm  might  be  used  to  promote  the  as¬ 
sembly  and  disassembly  of  CRT  complexes.  First,  the  presence 
of  Ca2+  ATPases  in  the  nuclear  envelope  and  the  lack  of  Ca2+ 
buffering  and  sequestration  proteins  in  the  nucleus  should  pro¬ 
long  the  availability  of  free  Ca2+  (12).  Second,  the  inner  mem¬ 
brane  of  the  nuclear  envelope  contains  both  major  Ca2+  re¬ 
lease  channels,  which  may  be  activated  independently  of 
channels  in  the  ER  membrane  that  face  the  cytoplasm  (36). 
Third,  morphological  data  show  that  the  ER  forms  invagina¬ 
tions  that  reach  deep  into  the  nucleus  (13),  which  could  place 
Ca2+  release  channels  close  to  sites  of  CRT-DBD  assembly  in 
the  nucleoplasm.  While  it  is  clear  that  Ca2+  levels  in  the 
nucleus  do  change  in  response  to  signaling  events,  it  remains  to 
be  established  whether  Ca2+  regulation  of  CRT  is  a  dynamic 
process  that  involves  reversible  binding  or  whether  Ca2+  is 
constitutively  bound  and  simply  maintains  the  tertiary  struc¬ 
ture  of  CRT. 

CRT  is  thought  to  function  in  multiple  pathways  in  the  cell 
(23).  In  the  ER,  CRT  may  function  as  (i)  a  chaperone  that 
mediates  folding  by  transiently  binding  to  oligosaccharide  side 
chains  and  peptide  domains,  (ii)  a  Ca2+  storage  protein  in¬ 
volved  in  Ca2+  homeostasis,  and  (iii)  a  factor  that  directly 
regulates  the  activity  of  the  Ca2_H  pumps.  At  the  plasma  mem¬ 
brane,  CRT  may  modulate  (i)  cell  migration  by  interacting 
with  adhesion  plaque  proteins  and  (ii)  cell-cell  interactions  by 
interacting  with  cell  surface  proteins.  In  the  nucleocytoplasmic 
compartment,  CRT  can  regulate  (i)  the  activity  of  steroid  re¬ 
ceptors  through  direct  binding  to  the  DBD  of  these  proteins 
and  (ii)  the  redistribution  of  steroid  receptors  to  the  cytoplasm. 
Because  most  of  these  functions  mentioned  above  have  been 
linked  to  the  Ca2_K  binding  activity  of  CRT,  conditions  that 
influence  the  Ca2+  levels  are  predicted  to  regulate  the  activity 
of  CRT.  In  this  regard,  our  findings  that  Ca2+  is  necessary  for 
the  nuclear  export  function  of  CRT  in  vitro  and  that  Ca2+ 
depletion  results  in  GR  export  defects  in  vivo  suggest  that  this 
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pathway  is  used  to  regulate  the  nucleocytoplasmic  distribution 
of  GR  and  possibly  other  steroid  hormone  receptors.  This  link 
between  Ca2+  and  GR  export  could  negatively  regulate  tran¬ 
scription  through  a  nuclear  transport  pathway,  perhaps  using 
Ca2+  as  a  second  messenger. 
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Summary 

The  nuclear  receptor  FXR  is  the  sensor  of  physiologi¬ 
cal  levels  of  enterohepatic  bile  acids,  the  end  products 
of  cholesterol  catabolism.  Here  we  report  crystal 
structures  of  the  FXR  ligand  binding  domain  in  com¬ 
plex  with  coactivator  peptide  and  two  different  bile 
acids.  An  unusual  A/B  ring  juncture,  a  feature  associ¬ 
ated  with  bile  acids  and  no  other  steroids,  provides 
ligand  discrimination  and  triggers  a  77-cation  switch 
that  activates  FXR.  Helix  12,  the  activation  function  2 
of  the  receptor,  adopts  the  agonist  conformation  and 
stabilizes  coactivator  peptide  binding.  FXR  is  able  to 
interact  simultaneously  with  two  coactivator  motifs, 
providing  a  mechanism  for  enhanced  binding  of  co¬ 
activators  through  intermolecular  contacts  between 
their  LXXLL  sequences.  These  FXR  complexes  provide 
direct  insights  into  the  design  of  therapeutic  bile  acids 
for  treatment  of  hyperlipidemia  and  cholestasis. 

Introduction 

Bile  acids  are  the  endogenous  ligands  for  FXR,  the  nu¬ 
clear  receptor  that  transcriptionally  regulates  their  pro¬ 
duction,  movement,  and  absorption  (Chawla  et  al.,  2001 ; 
Goodwin  and  Kliewer,  2002;  Lu  et  al.,  2001).  As  the  end 
products  of  hepatic  cholesterol  catabolism,  bile  acid 
production  is  intimately  linked  to  cholesterol  homeosta¬ 
sis.  In  humans,  inherited  genetic  defects  associated  with 
the  impairment  of  bile  acid  homeostasis  lead  to  severe 
cholestatic  disease  and  vitamin  absorption  deficiency 
(Achord,  1990;  Hofmann,  1999a,  1999b).  Due  to  its  role 
in  the  regulation  of  cholesterol  and  bile  acid  levels,  FXR 
is  a  potential  drug  target  for  treatment  of  hyperlipidemia 
and  cholestatic  disease.  To  understand  the  mechanism 
of  bile  acid  binding  and  activation  in  FXR,  we  solved 
two  crystal  structures  of  its  ligand  binding  domain  (LBD) 
in  the  presence  of  a  GRIP-1  coactivator  peptide.  One 
structure  contains  the  high-affinity  bile  acid  6a-ethyl- 
chenodeoxycholic  acid  (6ECDCA)  solved  at  2.5  A  resolu- 
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tion,  and  the  second  structure  contains  3-deoxyCDCA, 
solved  at  2.9  A  resolution  (Table  1).  Together,  these 
structures  show  how  the  physiological  activities  of  bile 
acids  are  dictated  by  the  chemical  composition  of  their 
unique  steroid  skeleton. 

Results  and  Discussion 

Overall  Architecture  of  FXR 

The  FXR  protein  was  expressed  from  E.  coli  with  a 
N-terminal  polyhistidine  tag  and  purified  as  described 
in  the  Experimental  Procedures.  Crystals  of  FXR  bound 
to  6ECDCA  or  3-deoxyCDCA  were  obtained  under  the 
same  conditions.  These  crystals  exhibited  identical 
crystallographic  parameters  and  showed  the  same  mo¬ 
lecular  arrangements  of  FXR  (Table  1).  The  asymmetric 
units  contain  two  representations  of  the  FXR,  herein 
referred  to  as  the  a  and  the  b  complexes,  which  differed 
in  the  number  of  coactivator  peptides  bound  to  FXR 
(one  peptide  in  the  a  complex,  two  peptides  in  the  b 
complex).  Figures  1-3  show  the  overall  disposition  of 
the  LBD,  the  ligand  and  coactivator  peptides  from  the 
6ECDCA  crystal.  The  electron  density  maps  clearly  show 
that  the  A  ring  of  the  bile  acid  faces  the  C-terminal 
helix  12,  the  activation  function  2  (AF2)  of  the  receptor 
(Figures  1  and  2A).  This  orientation  was  unanticipated, 
as  progesterone,  estrogen,  testosterone,  and  glucocor¬ 
ticoids  are  all  oriented  in  the  opposite  direction  with 
their  D  rings  facing  helix  1 2  of  their  respective  receptors 
(Bledsoe  et  al.,  2002;  Brzozowski  et  al.,  1997;  Sack  et 
al.,  2001;  Shiau  et  al.,  1998;  Williams  and  Sigler,  1998). 
Bile  acid  binding  directly  places  helix  12  against  helices 
3,  4,  and  1 0  (Figure  1).  This  receptor  conformation  repre¬ 
sents  the  “activated”  state,  whereby  helix  12  stabilizes 
the  binding  of  coactivator  peptide  (Figures  1 A  and  3A). 

Bile  Acid  Binding  and  Discrimination 
Bile  acids  are  water-soluble  amphipathic  steroids  that 
play  important  roles  in  cholesterol  disposal  and  intesti¬ 
nal  lipid  absorption  through  micelle  formation.  The  phy- 
siochemical  properties  of  the  bile  acid  skeleton  are  es¬ 
sential  in  this  regard,  displaying  a  convex  hydrophobic 
face  and  a  concave  hydrophilic  face.  The  steroid  nucleus 
in  bile  acids  is  not  flat,  due  to  a  hydrogen  atom  at  C5 
oriented  in  the  p  configuration  (Figures  1C  and  2A).  This 
substituent  causes  the  A/B  ring  juncture  to  be  c/s,  forc¬ 
ing  ring  A  to  lie  outside  of  the  plane  of  the  BCD  ring 
system.  As  a  result,  the  separation  between  the  3a-OH 
and  the  C-24  carboxylate  of  CDCA  (1 4  A)  is  substantially 
shorter  than  the  contour  length  of  the  molecule  (21  A), 
giving  bile  acids  a  rounded  profile  that  allows  a  close 
fit  with  respect  to  the  pocket  in  FXR  (Figures  1 B  and 
1 C).  Figures  1 B  and  1 C  show  how  the  shape  of  the  FXR 
ligand  binding  pocket  complements  the  nonplanar  bile 
acid  skeleton. 

The  FXR  ligand  binding  pocket  also  utilizes  the  amphi¬ 
pathic  properties  of  the  bile  acids  to  provide  additional 
molecular  recognition  beyond  their  unique  shape.  Bile 
acids  contain  distinct  a  and  p  faces.  The  p  face  is  com- 
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Table  1 ,  Crystallographic  Data  and  Refinement  Statistics 

6-ethyI-CDCA 

3-deoxy-CDCA 

Space  group 

P2,2,2 

P212t2 

Resolution  (A) 

24.3-2.50  (2.59-2.50) 

15.0-2,90(3.0-2,9) 

Unit  cell  dimension  (a,  b,  c)  (A) 

99.829  107,452  69.280 

99.535  107.129  69.206 

Unique  reflections 

24427 

12668 

Completeness  (%) 

92.8  (77.2) 

98.9  (99.6) 

Average  redundancy 

4.0  (3.4) 

4.7  (4.8) 

(%)a 

4.4  (28,2) 

7,1  (45.8) 

R  b 

••working 

25.1 

25,4 

RfreeC 

28,1 

29.0 

Rms  deviation  bonds  (A) 

0,010 

0.011 

Rms  deviation  angles  (deg) 

1.6 

1.9 

Rms  dihedral  angles  (deg) 

19.5 

22.3 

Rms  improper  angles  (deg) 

0,93 

1.10 

Values  in  parentheses  are  for  the  highest  resolution  shells, 

aRsym  =  S|lh  -  <\h>\mhf  where  <Ih>  is  the  average  intensity  over  symmetry  equivalent  reflections, 
bRwor*ing  -  2||FJ  -  |FC||/2|F0|,  where  F0  and  Fc  are  the  observed  and  calculated  structure-factor  amplitudes, 
c  Rffee  was  calculated  using  5%  of  data  excluded  from  refinement. 


posed  of  a  continuous  hydrocarbon  surface  punctuated 
with  the  angular  methyl  groups  at  CIS  and  Cl 9  (Figure 
1C),  The  primary  and  secondary  bile  acids  contain  a 
common  p  face,  and  a  distinct  a  face  on  which  hydroxyls 
are  displayed  in  the  3a,  7a,  and  1 2a  positions.  The  rela¬ 
tive  affinities  of  chenodeoxycholic  acid  (CDCA),  deoxy- 
cholic  acid  (DCA),  cholic  acid  (CA),  and  lithoeholic  acid 
(LCA)  for  FXR  (Makishima  et  ah,  1 999;  Parks  et  aL,  1 999; 
Wang  et  al.,  1999)  are  dictated  by  their  specific  pattern 
of  axial  hydroxyl  groups  at  the  7  and  1 2  positions.  The 
side  chain  oxygen  of  Tyr366  hydrogen  bonds  with  the 
axial  7a-OH  on  ring  B,  and  the  lack  of  this  hydroxyl  in 
LGA  lowers  its  affinity.  Moreover,  as  the  pocket  does 
not  provide  any  polar  side  chains  to  accommodate  the 
1 2a-OH  group  on  ring  C,  the  binding  of  CA  and  DCA 
would  be  energetically  costly  in  comparison  to  CDCA, 
The  FXR  structure  also  reveals  pockets  that  are  not  entirely 
filled  by  substituents  found  on  naturally  occurring  bile 
acids  (Figure  1 B  and  1 C).  The  semisynthetic  bile  acid 
6ECDCA  (Pellicciari  et  ah,  2002)  places  the  6a-ethyl 
group  into  one  such  hydrophobic  cavity  that  exists  be¬ 
tween  the  side  chains  of  Ile359,  Phe363,  and  Tyr  366, 
accounting  for  its  higher  affinity. 

The  current  structures  also  provide  an  explanation 
for  how  conjugated  bile  acids  bind  and  activate  FXR. 
Mammalian  and  nonmammalian  bile  acids  are  often  ami- 
dated  with  glycine  or  taurine  at  the  C24  carboxylate, 
and  these  conjugations  are  known  to  only  modestly  af¬ 
fect  the  binding  affinity  and  activation  efficacy  (Maki- 
shima  et  ah,  1999;  Parks  et  ah,  1999;  Wang  et  ah,  1999). 
The  structure  shows  that  the  carboxylate  oxygens  of 
CDCA  hydrogen  bond  with  the  guanidino  group  of 
Arg328  side  chain  located  at  the  entry  point  of  the 
pocket.  The  proximity  of  the  carboxylate  on  the  ligand 
to  the  solvent  suggests  that  conjugated  amino  acids 
would  be  positioned  completely  out  of  the  pocket  and 
solvent  exposed,  thus  not  impacting  receptor  activation. 
Since  amidation  still  preserves  a  carbonyl  oxygen  for 
hydrogen  bonding  with  Arg328,  the  bile  acid  binding 
affinity  would  also  remain  largely  unchanged. 

As  a  sensor  of  physiological  levels  of  enterohepatic 
bile  acids,  FXR  binds  to  its  cognate  ligands  with  ^1000- 
fold  weaker  affinity  than  other  steroid  receptors  bind 
to  their  cognate  hormones,  yet  FXR  shows  remarkable 


specificity  for  bile  acids  (Makishima  et  al.,  1999;  Parks 
et  al,,  1999;  Wang  et  al.,  1999).  Figures  1 B  and  1C  show 
that  the  steroid  skeleton  and  the  ligand  pocket  lack  a 
sufficient  number  of  hydrogen  bond  donors  and  ac¬ 
ceptors  to  fully  account  for  bile  acid  discrimination  from 
other  steroid  hormones.  Instead,  the  FXR  ligand  binding 
pocket  has  evolved  to  recognize  bile  acids  both  using 
their  unique  nonplanar  shapes  and  amphipathic  physio- 
chemical  properties. 

The  physical-shape  discrimination  mechanism  em¬ 
ployed  by  FXR  for  ligand  binding  precludes  essentially 
all  other  steroids  and  cholesterol  metabolites  from  act¬ 
ing  on  this  receptor.  Estrogens  have  an  aromatic  ring  A 
and  thus  no  possibility  of  cis-trans  isomerism  at  car- 
bon-5.  Progesterone,  aldosterone,  glucocorticoids,  and 
testosterone  contain  a  4-ene  structure  in  ring  A,  and  cho¬ 
lesterol  contains  a  5-ene  in  ring  B,  and  therefore  all  lack 
the  necessary  5p  hydrogen  required  to  juncture  A/B 
rings  into  c/s.  In  addition  to  their  differing  shapes,  none 
of  these  other  molecules  share  the  amphipathic  and 
detergent-like  properties  uniquely  associated  with  the 
a  and  p  faces  of  bile  acids  that  are  both  critical  to 
their  biological  function  and  make  their  binding  to  FXR 
possible. 

tr-Cation  Receptor  Activation  Trigger 
All  naturally  occurring  bile  acids  contain  a  c/s-oriented 
A/B  ring  juncture  and  a  3a-hydroxyl  group  in  their  A  ring. 
The  FXR  structure  shows  the  A  ring  and  the  3-hydroxy 
group  oriented  toward  helix  1 2  where  they  interact  with 
the  His444  on  helix  10/11  and  Trp466,  the  only  residue 
from  helix  12  in  close  proximity  to  the  ligand  (Figure  2A), 
These  two  residues  function  as  the  receptor's  activation 
trigger  through  formation  of  a  desolvated  ^-cation  inter¬ 
action  directly  contacted  and  stabilized  by  the  bile  acid 
(Figure  2A).  The  bile  acid  A  ring  also  contacts  Tyr358, 
which  further  restricts  the  position  of  His444.  The  ir-cation 
interaction  between  the  indole  ring  of  a  Trp  {tt  electron 
system)  and  the  Ne  (cation)  on  a  perpendicularly  oriented 
His  side  chain  has  been  described  in  other  biological 
systems  but  never  observed  as  a  molecular  switch  for 
receptor  activation  (Ma  and  Dougherty,  1997).  We  infer 
that  in  the  absence  of  ligand,  the  same  His-Trp  interac¬ 
tion  cannot  be  stabilized  due  to  insufficient  physical 
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Helix  12  Helix  3 


Figure  1.  Overall  Views  of  FXR  and  Its  Ligand  Interactions 

(A)  Perpendicular  views  of  the  FXR  LBD  (purple)  from  complex  b  of  the  6ECDCA  complex.  Helix  12  of  the  receptor  is  shown  in  yellow,  the 
GRIP-1  peptides  are  shown  in  blue  and  red,  and  6ECDCA  is  shown  in  green. 

(B)  Stereo  view  of  a  simulated  annealing  omit  electron  density  (Fo-Fc)  map  showing  the  bound  6ECDCA.  The  ligand  was  excluded  in  map 
calculation. 

(C)  Schematic  representation  of  the  FXR/6ECDCA  interactions.  Dotted  red  lines  indicate  hydrogen  bonds;  dotted  blue  lines  indicate  van  der 
Waals  contacts. 


constraints  on  these  residues.  The  loss  of  their  interac¬ 
tion  would  remove  the  necessary  support  for  helix  12 
in  its  active  position. 

The  3a  hydroxyl  on  ring  A  is  the  most  polar  functional¬ 
ity  on  the  steroid  nucleus  due  to  its  equatorial  position 


with  respect  to  the  hydrocarbon  ring  system  (Figure  1 C). 
To  gauge  the  relative  contributions  to  receptor  activa¬ 
tion  from  the  3-OH  group  versus  the  ring  A  surface,  we 
studied  3-deoxyCDCA  in  biochemical  assays  and  by 
X-ray  crystallography.  We  found  that  the  3-deoxyCDCA 
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Figure  2.  The  Activation  Mechanism  of  FXR 

(A)  6ECDCA  and  3-deoxyCDCA  interactions 
with  the  activation  switch  of  FXR,  Shown  is 
the  superposition  of  their  two  crystal  struc¬ 
tures  in  the  vicinity  of  the  ligand  and  residues 
His444  and  Trp466. 

(B)  The  binding  of  GRIP-1  NID-3  coactivator 
peptide  to  FXR  as  a  function  of  increasing 
3-deoxyCDCA  (black  triangles)  and  CDCA 
(red  circles). 


is  able  to  recruit  the  region-3  LXXLL  motif  of  GRIP-1 
with  an  EC50  of  3  fxM,  in  comparison  to  CDCA  which 
shows  an  EC50  of  16  (see  Figure  2B).  The  small 
increase  in  potency  is  likely  due  to  the  decreased  hydro- 
philicity  of  3-deoxyCDCA,  which  aids  desolvation  of  the 
ligand.  These  results  suggested  that  the  3-hydroxyl 
alone  is  not  responsible  for  activation  of  the  receptor. 
To  directly  visualize  how  the  3-deoxy  bile  acid  activates 
FXR,  we  solved  the  crystal  structure  of  its  complex  and 
examined  the  ligand  with  respect  to  the  activation  trig¬ 
ger  (Figure  2A).  We  found  that  ring  A  of  the  3-deoxyC- 
DCA  still  contacts  and  orients  His444  and  Trp466, 
allowing  the  same  w-cation  interaction  as  in  the  6ECDCA 
complex.  A  hydrogen  bond  to  the  side  chain  nitrogen 
on  His444,  no  longer  available  from  the  3-OH  of  ring  A, 
is  instead  donated  by  the  side  chain  OH  group  of  Tyr358, 
Overall,  the  structure  shows  helix  12  in  the  identical 
activated  conformation  seen  in  the  6ECDCA  structure 
and  still  supporting  the  association  of  coactivator  pep¬ 
tide.  Therefore,  a  correctly  positioned  ring  A  is  the  domi¬ 
nant  factor  mediating  the  agonist  function  of  bile  acids. 

A  sequence  alignment  shows  that  the  amino  acids 
responsible  for  the  binding  of  the  sex  steroids,  glucocor¬ 
ticoids,  and  mineralocorticoids  are  more  closely  con¬ 


served  between  their  receptors  than  with  FXR  (Figure 
4).  Nevertheless,  all  of  these  receptors  form  their  ligand 
binding  pockets  largely  via  determinants  located  on  heli¬ 
ces  3,  5,  7,  10/11,  and  12.  Importantly,  every  residue 
responsible  for  the  binding  of  rat  FXR  to  bile  acids  is 
identical  in  the  human  FXR  protein  (Figure  4).  However, 
mouse  FXRp,  which  is  a  pseudogene  in  humans,  con¬ 
tains  several  differences  at  these  residue  positions  but 
also  appears  to  use  lanosterol  as  its  endogenous  ligand 
(Otte  et  al.,  2003).  As  the  ir-cation  activation  trigger  had 
not  been  previously  seen  in  other  steroid  receptors,  we 
compared  sequences  in  Figure  4  to  look  for  the  conser¬ 
vation  of  this  pair  of  His  and  Trp  residues.  Besides  the 
FXR  proteins,  LXRa  and  LXRp  receptors  are  the  only 
other  receptors  with  identically  positioned  His  and  Trp 
residues  (Figure  4).  As  LXRa  and  LXRp  bind  to  oxyster- 
ols  and  regulate  genes  that  are  also  related  to  choles¬ 
terol  and  bile  acid  homeostasis  (Lu  et  al.,  2001 ;  Peet  et 
al.,  1 998),  these  receptors  may  be  activated  via  a  similar 
Ti-cation  molecular  switch. 

Coactivator  Interactions 

The  GRIP-1  coactivator  contains  three  separate  nuclear 
receptor  interaction  domains  (NIDs),  each  consisting  of 
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Figure  3.  The  Interaction  of  FXR  with  Coacti¬ 
vator 

(A)  Comparison  of  the  a  and  b  complexes  in 
the  asymmetric  unit  of  the  6ECDCA  structure. 
Helix  1 2  is  shown  in  yellow,  the  peptide  in  the 
primary  coactivator  groove  is  shown  in  blue, 
and  the  second  peptide  seen  in  the  b  complex 
(of  both  the  6ECDCA  and  3-deoxyCDCA  con¬ 
taining  structures)  is  shown  in  red.  The  num¬ 
bers  indicate  the  location  of  the  conserved 
leucines. 

(B)  A  section  of  a  composite  omit  map  (2Fo- 
Fc)  showing  electron  density  for  the  two  co¬ 
activator  peptides  in  complex  b.  The  primary 
coactivator  peptide  is  in  blue;  the  second 
peptide  is  in  red. 

(C)  A  schematic  representation  showing  the 
contacts  of  the  primary  coactivator  peptide 
(blue)  with  the  second  peptide  (red)  and  with 
FXR  (residues  indicated  in  boxes).  Circles 
represent  hydrogen  bonds;  dotted  lines  indi¬ 
cate  van  der  Waals  contacts. 

(D)  FXR  binding  to  different  NID  regions  of 
GRIP1  in  the  presence  of  CDCA.  The  NID-1 
peptide  has  the  sequence  KGQTKLLQLLTTK, 
the  NID-2  is  EKHKILHRLLQDS,  and  the  NID-3 
is  KENALLRYLLDKD.  The  NID  (1-3)  protein 
consists  of  the  three  consecutive  NID  regions 
of  GRIP-1. 

(E)  Gel  filtration  chromatography  (Pharmacia 
100  cm  Superdex-75)  showing  the  migration 
of  FXR-LBD,  the  NID  (1-3)  region  of  GRIP-1, 
and  the  FXR-LBD  +  NID  (1-3).  The  elution 
profiles  are  shown  as  a  function  of  increasing 
time  (left  to  right).  The  migration  of  several 
molecular  weight  standards  is  indicated  at 
the  top.  FXR-LBD  elutes  at  the  expected  size 
of  a  monomer  (—29  kDa).  The  NID  (1  -3)  poly¬ 
peptide  alone  elutes  at  a  larger  size  (—46  kDa) 
than  expected  (calculated  mass  —24  kDa), 
presumably  due  to  a  noncompact  fold.  FXR- 
LBD  +  NID  (1-3)  migrates  at  a  size  of  —60 
kDa,  consistent  with  one  FXR-LBD  bound  to 
a  more  compact  NID  (1  -3)  and  not  consistent 
with  the  cooperative  binding  of  two  FXR- 
LBDs  subunits  with  one  NID  (1-3)  fragment 
(expected  migration  at  a  size  >82  kDa). 


a  LXXLL  motif  (Darimont  et  al.,  1998;  Xu  et  al.,  1999). 
Synthetic  peptides  corresponding  to  NID-1,  NID-2,  and 
NID-3  regions  bind  to  bile  acid-activated  FXR  weakly, 
with  NID-1  binding  with  KD  >  500  |mM,  NID-2  binding 
with  Kd  of  ~1 60  jjlM,  and  NID-3  binding  with  KD  of  ^330 
IxM  (Figure  3B).  The  coactivator  peptide  in  the  structures 
is  NID-3,  with  the  sequence  KENALLRYLLDKD.  Both  a 
and  b  complexes  show  a  peptide  binding  in  the  primary 
activator  groove  as  described  for  other  receptors  (Figure 
3A)  (Bledsoe  et  al.,  2002;  Brzozowski  et  al.,  1997;  Dari¬ 


mont  et  al.,  1998;  Gampe  et  al.,  2000;  Nolte  et  al.,  1998; 
Shiau  et  al.,  1 998).  However,  the  b  complexes  of  both  the 
6ECDCA  and  3-deoxyCDCA  structures  show  a  second 
copy  of  NID-3  bound  adjacent  to  the  primary  coactivator 
peptide  (Figure  3A).  This  arrangement  allows  the  two 
antiparallel  NIDs  to  form  cross  interactions  via  their  hy¬ 
drophobic  side  chains  in  a  manner  that  requires  the 
agonist  conformation  of  helix  12.  The  inability  of  the 
second  peptide  to  occupy  its  site  in  complex  a  appears 
to  be  caused  by  the  lack  of  the  necessary  access  arising 
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hFXR 
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LXRp 

AR 
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238  - EKTELTVDQQTLLDYIMDS  YSKQRgpQE - ITNKILKEEFSAE  — 

2  4  5  - EKTELTPDQQTLLHFIMBSYNKQRMPQE - ITNKILKEEFSAE  — 

2  4  1  - DNMTLTQEEHRLLNTIVTAHQKSMIPLG - -ETSKLLQEGSNPE  — 

118  - DSLRPKLSEEGQRIIAILLDAHHKTg|DPTElsDg]CGFRPPVRVNDGGGSVTLELS 

205  - QLS  PEQLGMI  EKLVAAQGQCNRRS  FSDRL - RVTPWPMAPDPHSREA 

219  - -  -  -GLTAAGELMIGGLVAAGLGCNKRSFSDQP - - KVTPWPLGADPQSRDA 

667  - - -YECQPI  FLNVLEAIEPGVVCAGH - DNNQPDS 

682  - - - - QLIPPLINLLMS  IEPDVIYAGH - -  -  - - - DNTKPDT 

301  - —  SKKNSLALSLTADQMVSALLDAEPPILYSEY - - DPTRPFS 

527  - QLTPTLVSLLEVI  EPEVLYAGY - - DSSVPBS 

719  VNTALVFQLSTISRALTPSPVMVLENIEFEXVYAGY - DSSKPDT 

helix-1  helix-2 

2  7  9  -  -  ENFL  I  LTElMjAjTS[H|VGILVEFTKRLPGFQTLPHEDQI  ALLKGS  AVBAM[F|L{Rfs|AEfllFlNK- 

2  8  6  —  ENFLILTEMATNHVQVLVEFTKKLPGFQTLDHBDGI ALLKGSAVEAMFLRS AEIFNK- 

2  82  -  -LSFLRLSEVS VLH I QGLMKFTKGL PG F ENLTT EDQA ALQKAS KTE VM FLH VAQ L YGG K 

2  24  QLSmBphEI^dEIvIs  YlsllQKVIGFAKMIPGFRDLTS  EDQI  VLLKSSAfl|EV|lp|L|R|slN|ilslFlTMD 

240  RQQRFAHFTELAI VS7QEIVDFAKQLPGFLQLSREDQIALLKTSAIEVMLL1TSRRYMP- 

264  RQQRFAHFTELAI I S VQ E I VD F A KQ V P G F L Q LG R E D Q I A L LK A S T I E I M L L E T AR R YNH - 

6  9  7  FAAlETssEE|e|l|g|e  RE|LVHVVKWAKALPGFRNLHVDDQMAVIQYsM|GLSy]FAp[GW[R|5 

711  ssslPtsIlInIqEIgIerIqIllsvvkwskslpgfrnlhiddqitliqysPIRislImIvIf  gIlIgwIT 

339  easmHgl|lP1n|e3a|d  r|e|l  vhm  inwakrvpgfvdltlhdqvhlle  c  a  wIlIe  ilLjili  g|l|v%[r|£ 

5  5  6  THRIFT  T|LplME|olGR^lviAAVKWAKAIPGFRNLHLDDOMTLLQYS|wiilF  lP|a|fa[l|g^ 

76  2  AENLLSTLNRLAGKQMI Q V VKWAKVL  PG  FKNL  PLIDQITLIQYSWMCLSSFALSWRSYKH 

helix-3  helix-3*  helix-4  helix-5 


r  FX  R  3  3  6  - - - - KLPAGHADLL-  -  EE@IRKS- - _  — - GISD  EfYjl  T  P0F  S  F[y| 

hFXR  3  4  3  - - KLPSGHSDLL  —  EERIRNS - GISDEYITPMFSFY 

mFXRp  340  DSTSGSTMRPAKPSAGTLEVHNPSADESVHSPENFLKEGYPSAPLTDITKEFIASLSYFY 

VDR  2  8  3  - DMS0T0GNQD  YK0R  VSD0TKg|- - G[||s  L  e|E|i  E  p|l]i  K  F  Q 

L  X  R  a  3  0  9  - GSES  ITFLKDFS  YNREDFAKA - GLQVEFINPIFEFS 

LXRp  3  2  3  - ETECITFLKDFTYSKDDFHRA - GLQVEFINPIFEFS 

AR  757  - - VMS  RML  Y0APDLVFNE  YRMHK - SR0YSQC  VR|g]RHLS 

PR  771  - - VSGQMLY[|JaPDLILNEGRMKE - - — SSFY  SjQC  L  t|m}w  QIP 

ER  3  99  - - - PVKLL0APNLLLDRNQGKCV - E  G@V  E^F  D  M0L  AT  S 

GR  616  - SSANLL  c|Ja  PDLIINEQRMT - L  -  P  CM  YD0C  KH0L  YVS 

MR  822  - TNSQFLYFAPDLVFNEEKMH - -  -  Q - S  AM  YE  LCQGMHQ  I  S 

beta-3  beta-4  helix-6  helix-7 


r FXR  367 

hFXR  374 

mFXRP  400 

VDR  318 

LXRa  344 

LXRp  358 

AR  7  9  2 

PR  8  0  6 

ER  4  3  3 

GR  6  5  1 

MR  857 

r  FX  R  419 

hFXR  426 

mFXRP  452 

VDR  370 

LXRa  396 

LXRp  410 

AR  8  4  5 

PR  8  5  9 

ER  4  9  3 

GR  7  0  4 

MR  910 

mFXRp  505 

AR  905 

PR  9  19 

ER  5  5  0 

GR  76  3 

MR  9  7  1 


KSVGELKMTQEEYALLTAIVILSPD - RQYIKDREAVEKLQEPLLDVLQKLCKI 

KS IGELKMTQEEYALLTAI VILSPD - RQYIKDREAVEKLQEPLLDVLQKLCKI 

RRMSELHVSDTEYALLTATTVLFSD - - RPCLKNKQHIENLQEPVLQLLFKFSKM 

YGLKKLNLHEEEHVLLMAICIVSPD - R PG V Q D AAL I E A I Q D R L S NT L Q T Y I R C 

RAMNELQLNDAEFALLIAI SI FSAD- - - -  - -RPNVQDGLQVERLQHTYVEALHAYVSI 

RAMRRLGLDDAEYALLIAINIFSAD - -  - RPNVQEPGRVEALQQPYVEALLSYTRI 

QEFGWLQITPQEFLCMKALLLFSI IP - VDGLKNQKFFBELRMNYIKELDRIIAC 

QEFVKLQVSQEEFLCMKVLLLLNTIP - LEGLRSQTQFEEMRSSYIRELI KAIGL 

SRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIHLMAK 

SELHRLQVSYEEYLCMKTLLLLSSVP - -KDGLKSQELFDEIRMTYIKELG KA I VK 

LQFVRLQLTFEEYTIM  KVL  LLL  S  TIP - KDGLKSQAAFEEMRTNY I KELRKMVTK 

helix-8  helix-9 


YQ  -  -  -  PEN  PQH 
HQ  -  -  - P  EN  PQH 

YH - PEDPQH 

RH  ~  PPPGSHLL 

HH - PHDRLM 

KR - PQDQLR 

KRKNPTSCSRR 
RQKGVVSSSQR 
AGLTLQQQHQR 
REGNSSQNWQR 
CPNNSGQS WQR 


FACLLGRLTELRT 
FACLLGRLTELRT 
FAHLIGRLTELRT 
YAKMIQKLADLRS 
FPRMLMKLVSLRT 
FPRMLMKLVSLRT 
FYQLTKLLDS VQP 
FYQLTKLLDNLHD 
LAQLLLILSHIRH 
FYQLTKLLDSMHE 
FYQLTKLLDSMHD 
helix- 10/1 


FNHH|HjA  EgLMSWRVN- 
FNHHHAEMLMSWRVN- 
LSHSHSEILRMWKTK- 
LNEE@SKQ0RC0SFQP 
LSSVHSEQVFALRLQ- 
LSSVHSEQVFALRLQ- 


M  S  N  Kf§M  EjHgjY  S0K  C  KN 

v  v  e  n|l]l  NfyfclF  q[t1f  L  D  - 
LVSDLLEFCFYTFRES 
1 


m 

- DHKFTPLLCElgDVQ -  - 

-  —  DHKFTPLLCE IWDVQ  — 

- DPRLVMLFSEKWDLHSF 

E  C  -  S  M  K0T  P  L0L  E  vJfJgN  E  I  S 

- DKKLPPLLSEIWDVHE- 

- DKKLPPLLSEIWDVHE- 

H  M  V  S  V  d|f|p  E  M|m]A  E  igJSVQVP 
R  A  L  S0Ef]P  E  Mg}S  EVIAAQLP 

- VVPLYDLLLEMLDAHRL 

KTMSgsgPEMfLjAE  I  I  TNQI  P 
HALKVEFPAMLVE I ISDQLP 
helix- 12  CAF2) 


S . . -  -  -  - - - - -  - - -  - 

KILSGKVKPIYFHTQ - - 

KILAGMVKPLLFHKK - - - - - - - - 

HAPTSRGGAS VE ETD Q S HL AT AGS T S S HS LQK Y Y ITGEAEGFPATV 

KYSNGNIKKLLFHQK  -  - - - - - 

KVESGNAKPLYFHRK  - - -  - - - -  -  - - - 


Figure  4.  Sequences  Used  for  Ligand  Binding  by  the  Steroid  Receptors 

Yellow  shading  shows  the  position  of  the  «  helices;  blue  shows  p  strands.  Red  boxes  indicate  the  residues  that  contact  the  steroids  as 
determined  from  crystal  structures  {Bledsoe  et  at.,  2002;  Brzozowski  et  al.,  1997;  Roche!  et  al.,  2000;  Sack  et  al.,  2001;  Shiau  et  at.,  1998; 
Williams  and  Sigler,  1 998),  and  black  ovals  indicate  the  residues  involved  in  forming  the  --cation  molecular  switch  for  ligand-induced  activation 
of  FXR.  All  of  the  residues  in  rFXR  that  contact  CDCA-derived  ligands  are  identical  with  human  FXR  but  not  as  closely  shared  with  mFXRp, 
which  has  been  shown  to  respond  to  lanosterol  (Otte  et  al.,  2003).  The  crystal  structures  of  hFXR,  mFXRp,  LXRa,  LXRp,  and  MR  are  unavailable. 
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from  a  crystal  packing  effect  involving  a  symmetry  re¬ 
lated  subunit.  Figure  3B  shows  the  electron  density 
maps  for  both  peptides  in  complex  b,  and  Figure  3C 
shows  a  schematic  drawing  of  these  peptide-peptide 
and  peptide-FXR  contacts. 

Within  the  NID-3  LXXLL  motif,  Arg3  and  Tyr4  (occu¬ 
pying  the  XX  positions)  are  not  conserved  among  the 
coactivator  NIDs  and  are  solvent  exposed  in  the  com¬ 
plexes  described  here  (Figure  3A).  By  contrast,  Leu2 
and  Leu6,  which  are  highly  conserved  in  coactivator 
NIDS,  are  responsible  for  forming  the  peptides’  contacts 
to  FXR  (Figure  3C).  Leu5  forms  the  peptide-peptide  in¬ 
teractions  with  Leul  in  the  b  complexes  (Figures  3A  and 
3C).  Through  the  two  sets  of  Leu5/Leu1  interactions, 
the  binding  of  one  peptide  enhances  the  binding  of  the 
second  peptide  by  providing  a  more  favorable  interac¬ 
tion  site.  These  peptide-peptide  interactions  would  sug¬ 
gest  that  two  NIDs  contained  within  the  same  polypep¬ 
tide  should  bind  to  FXR  with  significantly  higher  affinity, 
due  to  the  constraints  on  their  physical  freedom. 

Figure  3B  shows  that  an  extended  GRIP-1  region  (NID 
[1  -3])  that  contains  more  than  one  NID  motif  does  in  fact 
bind  to  the  FXR  more  with  1 00  times  greater  strength 
(Kd  0.8  |xM)  than  any  of  its  isolated  NID  elements.  This 
higher  affinity  is  consistent  with  two  NIDs  in  the  same 
coactivator  binding  cooperatively  to  a  single  FXR-LBD 
subunit.  However,  another  interpretation  could  be  that 
the  larger  coactivator  fragment  is  providing  the  energy 
for  the  dimerization  of  two  FXR  subunits.  The  crystal 
structure  of  PPAR7  in  combination  with  an  extended 
coactivator  fragment  (Nolte  et  al.,1998)  shows  the  co¬ 
activator  forming  a  bridge  across  the  dimer  interface  of 
two  LBDs.  Therefore,  we  tested  for  the  subunit  dimeriza¬ 
tion  of  FXR-LBDs  in  the  absence  and  presence  of  the 
NID  (1-3)  fragment  (Figure  3E).  Using  gel  filtration  chro¬ 
matography,  we  find  that  the  FXR-LBD  is  monomeric  in 
solution  and  that  the  addition  of  GRIP-1  NID  (1  -3)  results 
in  a  complex  consistent  in  size  with  a  single  subunit  of 
FXR-LBD  bound  to  a  single  NID  (1  -3)  polypeptide.  These 
results,  together  with  the  binding  data  in  Figure  3D  and 
the  direct  crystallographic  observations  shown  in  Fig¬ 
ures  3A  and  3B,  are  all  consistent  with  a  pi  60  coactivator 
forming  its  high-affinity  interactions  with  an  FXR-LBD 
by  providing  two  LXXLL  surfaces  for  the  interaction. 

Summary  and  Conclusions 

The  current  structural  study  demonstrates  a  series  of 
unanticipated  findings  associated  with  bile  acid  binding 
and  activation  of  FXR.  The  bile  acids  are  discerned  from 
other  steroids  by  their  unusual  physical  shape  and  am- 
phipathic  properties.  Bile  acids  occupy  their  pocket  with 
their  steroid  nucleus  positioned  in  the  reverse  orienta¬ 
tion  of  all  other  steroids.  This  arrangement  allows  the 
distinctive  c/s-oriented  ring  A  to  impart  the  activated 
state  to  FXR  by  directly  contacting  a  ir-cation  molecular 
switch  deep  in  the  pocket.  The  3-OH  group,  which  is 
conserved  in  all  common  bile  acids,  is  not  necessary 
for  FXR  activation.  FXR  is  able  to  interact  with  a  LXXLL 
motif  that  occupies  the  primary  coactivator  site,  as  well 
as  a  second  motif  that  requires  the  agonist  conformation 
of  the  receptor  and  further  enhances  the  binding  affinity 
of  coactivator.  Importantly,  none  of  these  features  of 
FXR  could  have  been  predicted  from  structural  studies 
thus  far  reported  for  other  nuclear  receptors. 


Therapeutic  bile  acid  supplementation  has  been  a 
mainstay  of  Eastern  medicine  for  centuries  (Achord, 
1 990).  More  recently  the  bile  acid  UDCA  has  been  used 
to  treat  cholestasis  by  displacement  of  more  toxic  bile 
acids  from  the  enterohepatic  pool  (Hofmann,  1999b). 
However,  UDCA  is  FXR  silent  and  as  such  does  not 
block  de  novo  bile  acid  synthesis  and  has  limited  clinical 
efficacy.  With  the  availability  of  these  FXR  structures, 
the  potential  exists  to  design  new  therapeutic  bile  acids 
with  a  modified  balance  of  physiochemical  and  biologi¬ 
cal  properties  for  treatment  of  cholestasis.  In  addition, 
the  insights  onto  the  molecular  details  of  receptor  acti¬ 
vation  should  guide  the  development  of  nonsteroidal 
FXR  modulators  to  impact  hepatic  cholesterol  homeo¬ 
stasis,  dietary  cholesterol  absorption,  and  serum  triglyc¬ 
erides  levels. 

Experimental  Procedures 

Crystallization  and  Structure  Determination 
The  ligand  binding  domain  of  rat  FXR  was  subcloned  into  Ndel- 
BamHI  sites  of  pET16b  vector  (Novagen)  and  expressed  with  an 
N-termina!  his-tag  in  BL21-DE3  E.  coli.  The  cells  were  grown  over¬ 
night  in  the  presence  of  0.5  mM  IPTG.  These  cells  were  pelleted 
and  frozen  for  long-term  storage.  For  protein  purification,  the  cells 
were  thawed  and  sonicated  in  lysis  buffer  (400  mM  NaCI,  10  mM 
imidazole,  10%  glycerol,  20  mM  Tris  [pH  8.0]).  The  protein  was 
purified  using  conventional  Ni-NTA  chromatography  followed  by 
loading  on  a  100  cm  Superdex  G200  column  (Pharmacia).  Ligand 
was  added,  and  the  protein  concentration  brought  to  4-5  mg/ml 
by  ultrafiltration  followed  by  the  addition  of  coactivator  peptide. 
Crystals  were  grown  in  hanging  drops  by  using  polyethylene  glycol 
as  the  precipitant,  together  with  ethylene  glycol  (for  cryoprotection) 
and  0.1  M  PIPES  (pH  6.4).  Crystals  were  flash  frozen  in  liquid  nitro¬ 
gen,  and  the  diffraction  data  were  collected  at  beamline  APS  BM- 
1 9  in  Argonne  National  Laboratory.  Diffraction  data  were  scaled  and 
reduced  with  HKL2000  (Otwinowski  and  Minor,  1997).  The  structure 
of  the  6ECDCA  complex  was  solved  using  the  molecular  replace¬ 
ment  with  MOLREP  (Vagin  and  Teplyakov,  1997).  The  search  model 
consisted  of  the  RAR  LBD  (PDB  1 1bd)  that  was  altered  to  remove 
most  of  the  unconserved  loops.  The  3-deoxyCDCA  structure  was 
subsequently  solved  with  molecular  replacement  using  the  refined 
6ECDCA  coordinates  for  the  search  model.  Difference  (Fo-Fc)  maps 
calculated  using  phases  derived  from  the  6ECDCA  structure,  but 
structure  factors  from  the  3deoxyCDCA  data  clearly  showed  strong 
negative  peaks  corresponding  to  the  3-OH  and  6-ethyl  positions  of 
the  3-deoxyCDCA,  consistent  with  the  differences  in  these  ligands. 
Both  structures  were  refined  with  multiple  rounds  of  refinement  with 
CNS  (Brunger  et  al.,  1998)  followed  by  manual  rebuilding. 

Coactivator  Binding  Assays 

The  binding  of  coactivator  peptides  to  FXR  was  measured  using  a 
fluorescence  anisotropy-based  assay  with  a  Beacon  2000  (PanVera) 
system.  Synthetic  peptides  were  made  at  the  University  of  Virginia 
Biomolecular  Research  Facility,  corresponding  to  sequences  shown 
in  the  Figure  3B  legend.  These  peptides,  as  well  as  E.  coli-ex pressed 
GRIP-1  NID  (1  -3)  protein  (sequence  563-767  of  GRIP-1/SCR-2),  were 
N-terminal  fluorescein-labeled  using  previously  described  methods 
(Jacobs  et  al.,  2001).  To  measure  the  KD  values  for  FXR-coactivator 
binding,  the  fluorescence  anisotropy  values  of  the  peptides  (50  nM 
concentrations)  were  measured  in  the  presence  of  2.5  mM  bile  acid 
concentrations  and  increasing  FXR  protein  concentration.  To  deter¬ 
mine  EC50  values,  the  fluorescence  anisotropy  values  of  peptide  (50 
nM)  were  measured  in  the  presence  of  FXR  (0.1  mM)  and  increasing 
ligand  concentrations.  Data  were  fitted  using  the  equation  A  =  [A,  - 
(Ab  -  Af)][protein]/(KD  +  [protein]),  where  Af  and  Ab  are  the  anisotropy 
values  of  the  free  and  bound  peptides,  respectively. 
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ABSTRACT 


Ecdysteroids  coordinate  molting  and  metamorphosis  in  insects  via  a  heterodimer  of  two 
nuclear  receptors,  the  ecdysone  receptor  (EcR)  and  the  ultraspiracle  (Usp)  protein.  Here  we 
show  how  the  DNA  recognition  a-helix  and  the  T-box  region  of  the  EcR  DNA  binding 
domain  (EcRDBD)  contribute  to  the  specific  interaction  with  the  natural  response  element 
and  to  the  stabilization  of  the  EcRDBD  molecule.  The  data  indicate  a  remarkable  mutational 
tolerance  with  respect  to  the  DNA  binding  function  of  EcRDBD.  This  is  particularly 
manifested  in  the  heterocomplexes  formed  between  the  EcRDBD  mutants  and  the  wild-type 
Usp  DNA  binding  domain  (UspDBD).  Circular  Dichroism  (CD)  spectra  and  protein  unfolding 
experiments  indicate  that  in  comparison  to  the  UspDBD,  the  EcRDBD  is  a  less  structured  and 
less  stable  protein  which  uses  these  properties  it  shape  its  heterodimeric  complexes  on  DNA 
not  only  with  previously  characterized  partners  (EcRDBD,  UspDBD),  but  also  with  the 
orphan  nuclear  receptor  DHR38.  As  such,  EcR  appears  to  be  an  intrinsically  unstructured 
protein  with  a  high  degree  of  intramolecular  plasticity.  Since  recently  published  structural 
data  indicate  the  ligand  binding  domain  of  the  EcR  is  also  characterized  by  the  extreme 
adaptability,  we  suggest  that  plasticity  of  the  EcR  domains  may  be  a  key  factor  which  allows 
a  single  EcR  molecule  to  mediate  diverse  biological  effects. 


INTRODUCTION 


The  20-hydroxyecdysone  (20E)  is  a  steroid  hormone  that  regulates  molting, 
metamorphosis,  reproduction  and  many  other  developmental  processes  in  insects  and  in  other 
arthropods.  20E  functions  through  a  heterodimeric  receptor  complex  comprised  of  the 
ecdysone  the  receptor  (EcR)  and  the  ultraspiracle  (Usp).  Both  proteins  are  members  of  the 
nuclear  receptors  superfamily  that  includes  receptors  for  steroid  and  thyroid  hormones,  and 
retinoids  and  vitamin  D,  as  well  as  many  other  ligand-inducible  transcription  factors.  Nuclear 
receptors  act  by  interacting  with  DNA  response  elements  of  target  genes  known  as  hormone 
response  elements.  Although  some  receptors  can  bind  as  a  monomers  to  a  single  hexameric 
motif,  most  receptors  bind  as  a  homo-  or  heterodimers  to  HREs  composed  typically  of  two 
core  hexameric  motifs  configured  as  palindromes,  inverted  palindromes,  or  direct  repeats. 
While  steroid  hormone  receptors  typically  bind  to  palindromes  of  5’-AGA(A/T)CA-3’ 
sequence  separated  by  three  nucleotides,  nonsteroidal  receptors  bind  preferentially  as 
heterodimers  to  inherently  asymmetric  HREs  organized  as  direct  repeats.  In  these  cases,  the 
retinoid  X  receptor  (RXR)  is  the  promiscuous  partner  for  different  receptor.  For  the  thyroid 
hormone  receptor  (TR),  the  retinoic  acid  receptor  (RAR)  or  the  vitamin  D  receptor  (VDR), 
heterodimerization  with  RXR  strongly  increases  the  efficiency  of  DNA  binding  and 
transcriptional  activity.  The  same  observation  was  made  for  Drosophila  EcR  isoforms,  EcRA, 
EcRBl  and  EcRB2,  each  being  able  to  form  heterodimers  with  Usp,  which  exhibits  a  strong 
structural  and  functional  similarity  to  its  mammalian  homolog  RXR. 

Despite  the  ecdysone  receptor’s  similarities  to  these  receptors,  it  does  not  share  their 
preference  for  binding  sites  composed  of  directly  repeated  half-sites.  The  most  known  natural 
20E-response  elements  are  highly  degenerated  imperfect  palindromes  with  a  single 
intervening  nucleotide.  The  best  characterized  element  is  the  pseudo-palindromic  element 
from  the  hsp27  gene  promoter  (hsp27pai),  which  is  composed  of  two  heptameric  half-sites 


sequences  separated  by  one  central  base-pair.  Analysis  of  the  interaction  of  the  Usp  and  EcR 
DNA-binding  domains  (UspDBD  and  EcRDBD,  respectively)  indicated  that  UspDBD  acts  as 
a  specific  anchor  that  preferentially  binds  5 ’half-site,  and  thus  is  a  key  factor  dictating  the 
polarity  (i.e.  5’UspDBD-EcRDBD-3’)  of  the  heterocomplex  on  the  hsp27pai  element. 
Interestingly,  this  arrangement  was  recently  observed  in  the  crystal  structure  of  the 
UspDBD/EcRDBD  complex  bound  to  an  idealized  element  organized  as  inverted  repeat  of 
AGGTCA  sequence  separated  by  1  bp  (IR-1).  The  functional  significance  of  the  UspDBD  - 
hsp27pal  interaction  has  been  supported  by  the  mutational  experiments  conducted  in  our 
laboratory.  These  studies  clearly  demonstrated  that  changes  in  the  UspDBD  binding  affinity, 
caused  by  the  substitution  of  the  amino  acids  in  the  DNA  recognition  a-helix  by  the  alanine, 
are  directly  reflected  in  the  UspDBD/EcRDBD-fe/727^/  interaction  pattern. 

In  this  report  we  illustrate  how  the  DNA  recognition  a-helix  of  the  EcRDBD  contributes 
to  the  specific  interaction  with  the  hsp27pai  and  to  the  stabilization  of  the  EcRDBDprotein 
fold.  In  contrast  to  the  UspDBD,  EcRDBD  exhibits  unexpected  mutational  tolerance  in  its 
DNA  recognition  helix  with  many  mutations  still  allowing  efficient  complexation  on  response 
elements..  .  The  mutational  tolerance  is  further  seen  in  the  T-box  region  of  the  EcRDBD, 
which  readily  accepts  substitution  of  almost  all  amino  acids  by  alanine  and  results  in  a  general 
reduction  of  alpha-helical  content  in  the  protein,  but  still  allow  DNA  binding  in  distinct 
complexes..  These  properties  suggest  that  the  EcRDBD  behaves  in  many  ways  as  an 
intrinsically  unstructured  protein  characterized  by  high  intramolecular  flexibility/plasticity. 
Interestingly,  recently  published  crystallographic  data  indicate  that  the  ligand  binding  domain 
of  the  EcR  is  also  characterized  by  a  high  degreee  of  ligand  tolerance  and  adaptability,  a 
property  that  allows  targeting  by  ligands  belonging  to  distinct  chemical  classes  -  including 
both  steroid  and  non-steroidal  agonists.  Thus  the  EcR  seems  to  be  the  first  example  of  the 


nuclear  receptor  having  two  flexible  domains.  The  possible  biological  significance  of  the  this 
structural  plasticity  is  discussed. 

RESULTS 

Effects  of  amino  acids  substitution  in  the  DNA  recognition  a-helix  of  the  EcRDBD  on  the 
interaction  with  the  hsp27pai  element 

To  identify  the  critical  amino  acids  involved  in  hsp27  EcRE  sequence  specific  binding 
by  EcRDBD  we  have  substituted  each  of  nine  amino  acids  of  the  putative  DNA  recognition 
a-helix  of  the  EcRDBD  with  alanine  (for  more  details  see  Fig.l).  The  wild-type  EcRDBD  and 
alanine  point  mutants  were  overexpressed  in  E.  coli  and  purified  to  homogeneity  (not  shown). 
The  binding  affinities  of  the  DBDs  were  determined  by  electrophoretic  mobility-shift  assays 
(EMSAs)  using  a  double  stranded  oligonucleotide  containing  the  original  sequence  from  the 
hsp27  gene  promoter  ( hsp27pai ,  see  Fig.  IB).  As  hsp27pai  was  shown  to  bind  specifically  and 
in  a  synergistic  manner  both  EcRDBD  homodimer  and  EcRDBD/UspDBD  heterodimer 
(albeit  with  different  affinities),  we  tested  the  putative  influence  of  alanine  substitutions  on 
homo-  and  heterodimer  interaction.  The  effects  of  mutations  on  EcRDBD  homodimer 
binding  are  illustrated  in  Fig.  2A  and  their  quantitative  analysis  is  presented  in  Fig.  2B.  The 
binding  of  hsp27pai  by  homodimers  was  clearly  reduced  by  alanine  substitutions  at  positions 
G20,  K22,  R26,  R27,  S28  and  K31.  Among  these  mutants  K22A,  R26A,  R27A  and  K31A 
demonstrated  the  greatest  DNA  binding  defect,  while  the  homodimerization  of  G20A  and 
S28A  mutants  was  impaired  moderately.  In  contrast,  alanine  substitution  of  G23  and  T30 
increased  affinity  of  the  EcRDBD  homodimer  for  the  target  sequence.  Interestingly,  the 
substitution  of  E19  by  alanine  did  not  appreciably  alter  the  affinity  of  the  EcRDBD.  This 
result  was  unexpected  as  E19  corresponds  to  one  of  the  three  receptor- specific  amino  acids 


from  the  a-recognition  helix,  referred  to  as  the  P-box.  The  P-box  residues  have  been  defined 
as  principal  factors  that  underline  the  discrimination  of  different  response  elements. 

Since  our  previous  study  has  demonstrated  that  the  hsp27pai  5’  half-site  exhibits  substantially 
higher  affinity  toward  the  EcRDBD  than  the  hsp27pai  3’  half-site,  one  can  assume  that  the 
above  results  can  be  ascribed  to  the  interaction  of  the  EcRDBD  molecules  with  the  high 
affinity  target  half-site.  To  test  this  supposition  EMSAs  were  carried  out  with  the  derivative  of 
the  hsp27pai  containing  only  left  half-site  ( hsp27 ar ,  see  Fig.  IB).  As  shown  in  Fig.  2C  and  2D 
the  EcRDBD  monomer  binding  pattern  mirrored  principally  that  observed  for  EcRDBD 
homodimer.  Again  K22,  R26,  R27  and  K3 1  residues  play  a  key  role  in  the  specific  interaction 
of  the  EcRDBD  with  the  hsp27pai  element.  Their  mutation  drastically  impair  binding  of  the 
EcRDBD  monomer  to  the  5’  half-site  and  hence  the  homodimer  formation  (see  Fig.  2 A  and 
2B).  On  the  other  site,  residues  E19,  G20,  G23,  S28  and  T30  are  not  obligatory  for  binding  of 
the  hsp27Pai  5’  half-site,  although  their  mutation  clearly  changes  DNA-binding  affinity  of  the 
EcRDBD  monomer.  Interestingly,  the  careful  comparison  of  the  binding  patterns  presented  in 
Fig.  2B  and  2D  indicates  that  at  least  for  two  mutants  (G20A  and  S28A)  the  magnitude  of  the 
EcRDBD  homodimer  affinity  changes  is  higher  than  that  observed  for  the  monomer.  This 
would  indicate  that  G20  and  S28  represent  residues  that  are  primarily  involved  in  the  binding 
of  the  3 ’half-site  of  the  hsp27pai  element,  or  in  the  proper  folding  of  the  EcRDBD  molecule 
bound  to  this  part  of  the  element  in  the  EcRDBD  homodimer. 

To  test  the  contribution  of  the  DNA  recognition  a -helix  in  the  UspDBD/EcRDBD 
heterocomplex  formation  we  analyzed  interaction  of  the  wild-type  UspDBD  and  EcRDBD 
mutants  with  the  hsp27pai  sequence.  The  results  presented  in  Fig.  2E  and  2F  reveal  that  only 
R27  residue  of  the  EcRDBD  is  indispensably  for  the  heterodimer  formation.  This  contrasts 
with  the  data  for  the  EcRDBD  homodimer  (and  monomer)  where  mutations  of  two  additional 
residues  (K22  and  R26)  were  detrimental  for  hsp27pai  binding.  Thus,  it  appears  that  in  the 


context  of  the  heterodimer  the  EcRDBD  molecule  better  tolerates  these  substitutions. 


Moreover,  the  overall  magnitude  of  the  observed  changes  for  the  affinity  of  the  heterodimers 
formed  by  the  wild-type  UspDBD  and  the  EcRDBD  E19A,  G20A,  G23A,  S28A  and  K31A 
mutants  was  lower  than  for  EcRDBD  homodimer  and  monomer  (compare  Fig.  2F  with  2B 
and  2D). 

Together  these  observations  may  indicate  that  amino  acid  residues  from  the  DNA  recognition 
a-helix  of  the  EcRDBD  display  different  hsp27pai  binding  characteristics  in  homo-  and 
heterodimers.  This  may  be  also  reflection  of  the  remarkable  adaptability  of  the  EcRDBD 
molecule  when  it  forms  heterodimer  with  UspDBD  (see  results  below  and  Discussion). 

Effects  of  amino  acids  substitution  in  the  DNA  recognition  a-helix  on  the  EcRDBD  structure 
We  used  CD  spectroscopy  to  determine  whether  the  above  observed  differences  in  the 
EcRDBD  binding  activity  arose  from  loss  of  the  particular  amino  acid  residue  (i.e.  absence  of 
specific  contacts  made  by  the  residue)  or  from  perturbation  of  the  higher  order  protein 
structure  induced  by  the  mutation  of  the  residue.  Since  the  mutated  amino  acids  are  located  in 
the  region  of  the  EcRDBD  which  has  a  a -helical  character  the  far-UV  CD  spectra  were 
recorded  and  analyzed.  Far-UV  CD  spectroscopy  is  especially  sensitive  to  the  a-helical 
structure  which  usually  comprises  a  substantial  fraction  of  the  DBD  fold  of  nuclear  receptors. 
The  far-UV  CD  spectrum  of  the  wild-type  EcRDBD  shows  minima  at  222  and  206  nm  (see 
Fig.  3).  The  first  minimum  (at  222  nm)  is  characteristic  for  CD  spectrum  of  a-helical 
structure  in  globular  proteins.  The  minimum  at  206  nm  corresponds  to  the  second  band 
characteristic  for  helical  proteins  (at  208  nm).  The  blue-shift  of  the  206  nm  minimum  and  its 
amplitude,  which  is  larger  in  comparison  with  that  of  globular  proteins,  may  arise  from  the 
contribution  of  conformation  other  than  a-helix.  As  shown  in  Fig.  3C,  3E,  3G  and  3H  the  CD 
spectra  of  K22A,  R26A,  S28A  and  T30A  mutants  are  essentially  identical  to  the  spectrum 
obtained  for  the  wild-type  EcRDBD,  and  so  results  of  the  DNA-binding  analysis  for  this 


proteins  can  be  interpreted  (see  Discussion)  as  a  result  of  loss  of  contacts  of  particular  amino 
acid  residues  with  DNA.  The  intensities  of  the  spectra  recorded  for  other  mutants  are  reduced 
relative  to  that  of  the  wild-type  EcRDBD,  indicating  either  a  decrease  of  the  secondary 
structure  content,  or  change  an  equilibrium  between  folded  and  unfolded  molecules.  This 
would  indicate  that  functional  effects  observed  after  mutation  of  the  El 9,  G20,  G23,  R27  and 
K31  residues  could  be  interpreted  either  as  a  consequence  of  structural  perturbation 
introduced  in  the  wild-type  EcRDBD  or  as  a  result  of  loss  of  particular  amino  acid  residues 
(see  Discussion).  Interestingly,  among  these  residues  only  substitution  of  the  R27  residue  led 
to  a  substantial  reduction  of  the  EcRDBD  DNA-binding  affinity  in  the  homo-  and 
heterodimers.  Simultaneously,  G20A  and  especially  G23A  mutants  which  along  with  R27A 
exhibited  the  greatest  changes  in  the  CD  spectra,  retained  almost  full  ability  to  form 
heterodimers  on  the  hsp27pai  element.  This  again  points  out  exceptional  adaptability  of  the 
EcRDBD  molecule. 

Effects  of  amino  acids  substitution  in  the  putative  T-box  of  the  EcRDBD  on  the  interaction 
with  the  hsp27pai  element 

The  importance  of  the  EcRDBD  C-terminal  extension  (CTE)  sequence  for  the 
interaction  with  the  hsp27pai  has  been  stressed  by  mutational  experiments,  which 
demonstrated  that  deletion  of  the  EcRDBD  region  corresponding  to  the  so-called  A-box  (see 
Fig.  1A)  abolished  EcRDBD  ability  to  bind  DNA  and  thus  to  form  homo-  and  heterodimers 
on  the  hsp27pai  element.  The  true  functional  role  of  the  EcRDBD  CTE  has  yet  however  to  be 
fully  appreciated  since  the  crystallographic  data  allowed  to  visualize  only  seven  A-box 
residues  exclusively  in  the  EcRDBD-RXRDBD  and  not  in  the  “wild-type”  (i.e.  EcRDBD- 
UspDBD)  complex.  The  remarkable  conservation  of  the  CTE  sequence  among  all  known 
EcRs  (see  Fig.  10)  suggests  that  this  region  may  be  crucial  for  the  EcR  function.  The 
conservation  is  particularly  evident  in  the  N-terminal  region  of  the  CTE,  corresponding  to  the 


so-called  T-box.  With  the  exception  of  the  Bombyx  mori  EcRDBD,  amino  acids  located  in 
these  eight  positions  are  absolutely  conserved  among  all  known  EcRs  (see  Fig.  10). 
Furthermore,  analysis  of  the  sequence  data  of  other  nuclear  receptors  indicates  that  the 
EcRDBD  T-box  sequence  does  not  exhibit  any  significant  sequence  similarity  to  other 
members  of  the  superfamily  which  highlights  its  potential  importance  in  response  element 
discrimination.  To  investigate  the  role  of  the  T-box  sequence  for  the  EcRDBD  function  we 
obtained  in  a  homogenous  form  (not  shown)  mutated  EcRDBD  derivatives  containing  a 
single  alanine  residue  at  eight  positions  in  the  T-box  region.  EMSAs  experiments  clearly 
show  that  only  two  mutants  P68A  and  E74A  display  the  same  hsp27pai binding  characteristics 
as  observed  for  the  wild-type  EcRDBD,  i.e.  they  form  in  a  synergistic  way  complexes 
consisting  of  two  EcRDBD  molecules  (CII)  and  the  affinity  of  the  monomeric  and  dimeric 
complexes  observed  for  the  mutants  are  indistinguishable  from  that  observed  for  the  wild-type 
EcRDBD.  R67A  and  V71A  showed  reduced  affinity  with  hsp27pai  probe  -  either  as 
monomers  or  as  dimers.  The  strongest  DNA  binding  defect  was  observed  when  second  of  the 
T-box  prolines  (P73)  was  replaced  by  alanine.  Interestingly,  for  one  of  the  T-box  alanine 
substitution  variants  tested  (V72A)  the  affinities  of  the  monomer  and  homodimer  complexes 
was  substantially  increased  compared  with  the  wild-type  EcRDBD. 

Given  the  putative  role  of  the  EcRDBD  T-box  sequence  in  forming  not  only  EcRDBD 
homodimers  but  also  EcRDBD AJspDBD  heterodimers,  we  analyzed  the  effects  on  forming 
heterodimers  between  the  wild-type  UspDBD  and  all  EcRDBD  derivatives  containing  alanine 
substitution  in  the  T-box  related  sequence.  Similarly  as  it  was  observed  above  for  DNA 
binding  a-helix  mutants,  changes  in  the  EcRDBD  affinity  against  hsp27pai  are  generally 
reflected  in  the  UspDBD/EcRDBD-/zs/?27/,a/  interaction  (Fig.  5).  In  particular,  the  DNA 
binding  defect  could  be  observed  for  heterodimers  containing  R67A,  E69A,  C70A,  V71 A  and 
particularly  P73A  mutants,  while  the  heterdimer  formed  with  V72A  mutant  was  able  to  bind 


to  DNA  with  the  enhanced  affinity.  However,  that  the  magnitude  of  the  observed  changes  was 
considerably  lower  than  for  EcRDBD  homodimer  and  that  with  one  exception  (P73),  the  T- 
box  of  EcRDBD  readily  accepts  substitutions  of  all  amino  acids,  when  the  EcRDBD  is 
complexed  with  UspDBD.  This  observation,  along  with  the  CD  spectroscopy  data  (see  below) 
indicating  that  alanine  substitution  of  some  T-box  residues  induces  significant  structural 
perturbations,  suggest  again  that  EcRDBD  molecule  exhibits  pliability  in  contact  with  its 
partner  (UspDBD). 

Effects  of  amino  acids  substitution  in  the  putative  T-box  on  the  EcRDBD  structure 

Similarly  as  in  the  case  of  DNA  binding  a-helix  mutants  we  used  CD  spectroscopy  to 
determine  whether  substitution  of  the  amino  acid  residues  from  the  T-box  region  induces  any 
structural  changes  in  the  EcRDBD.  As  shown  in  Fig.  6  three  of  the  analyzed  mutants  (R67A, 
P68A,  E74A)  exhibited  very  similar,  if  not  identical,  spectra  to  that  of  the  wild-type 
EcRDBD.  Two  of  these  proteins  (P68A,  E74A)  exhibited  the  same  hsp27pai  binding 
characteristics  as  observed  for  the  wild-type  EcRDBD,  while  R67A  bound  hsp27pai  probe 
with  reduced  affinity  either  as  EcRDBD  homodimers  or  in  UspDBD/EcRDBD  heterodimers. 
CD  spectra  of  four  other  mutants  (E69A,  C70A,  V71A,  V72A)  have  reduced  CD  intensity 
compared  to  wild-type  EcRDBD  indicating  that  in  the  case  of  these  proteins  alanine 
substitutions  lowered  the  content  and  possibly  altered  distribution  of  the  secondary  structure 
elements.  Only  two  of  these  mutants  (V71A,  V72A)  exhibited  substantial  changes  of  the 
affinity  in  the  functional  tests,  while  two  others  (E69A,  C70A)  displayed  slightly  reduced 
affinity.  Finally,  CD  spectrum  of  the  P73  A  mutant  highlights  again  potential  distinctiveness 
of  the  P73  residue  within  the  EcRDBD  T-box  sequence.  A  comparison  of  the  P73A  and  the 
wild-type  EcRDBD  spectra  shows  that  substitution  of  the  P73  with  alanine  enhances  intensity 
of  the  spectrum  which  reflects  increase  of  the  secondary  structure  elements  content. 


Properties  of  the  Drosophila  EcRDBD  mutant  containing  amino  acid  residues  characteristic 
for  the  Bombyx  T-box 

As  demonstrated  in  Fig.  10  a  primary  sequence  alignment  of  EcRDBDs  indicates  that 
T-box  amino  acid  residues  exhibit  remarkable  conservation  among  all  analyzed  EcR 
sequences.  A  surprising  originality  is  the  sequence  of  Bombyx  mori  where  the  non¬ 
conservative  substitution  of  P73  with  Q,  and  conservative  substitution  of  V72  with  I  can  be 
observed.  Interestingly,  a  P  residue  is  present  in  the  Bombyx  sequence  just  downstream  of  the 
T-box  at  position  75  and  upstream  of  the  putative  A-helix  (see  Fig.  7A).  To  investigate 
whether  these  substitutions  conserve  the  structural/functional  integrity  of  the  T-box  region  the 
triple  mutant  of  the  Drosophila  EcRDBD,  containing  at  positions  72,  73,  and  75  amino  acid 
residues  occurring  in  Bombyx  EcRDBD,  was  obtained  (Fig.  7A).  As  shown  in  Fig.  7B  one  of 
the  only  characteristics  of  the  mutant  which  differs  from  the  wild-type  Drosophila  EcRDBD 
is  its  slightly  reduced  ability  to  form  EcRDBD  homodimers.  The  substitution  of  three 
Drosophila  residues  with  the  Bombyx  counterparts  has  not  resulted  in  any  significant  changes 
in  the  ability  of  the  mutated  EcRDBD  to  act  as  a  partner  for  UspDBD  (Fig.  1C). 
Simultaneously,  CD  spectra  of  the  mutant  and  the  wild-type  EcRDBD  are  virtually 
superimposable  (Fig.  7D).  This  suggests  that  no  overall  structural  changes  were  rendered  by 
the  triple  mutation.  The  above  results  suggest  that  amino  acid  substitutions  characteristic  for 
Bombyx  mori  EcRDBD  conserve  the  structural/functional  integrity  of  the  T-box  region,  at 
least  in  terms  of  the  DNA-binding  affinity. 

Flexibility  of  the  EcRDBD 

As  demonstrated  above  many  of  the  EcRDBD  mutants,  including  these  with  the  defined 
structural  changes,  exhibit  a  surprising  tolerance  for  alanine  substitution  because  they  are  able 
to  form  efficiently  complexes  with  hsp27pai  in  the  presence  of  the  UspDBD.  This  suggests  the 
flexibility  and  adaptability  of  the  EcRDBD  that  would  allow  moulding  of  this  protein  around 


the  DNA  and  the  UspDBD.  It  has  been  recently  suggested  that  intrinsically  unstructured 
proteins  (IUPs)  are  inherently  flexible  and  that  both  their  local  and  global  structures  can  be 
easily  shaped  by  the  environment.  Such  intrinsic  plasticity  could  allow  a  single  protein  to 
recognize  a  large  number  of  biological  targets  without  sacrificing  its  specificity.  As  discussed 
above  the  EcRDBD  CD  spectrum  reflects  the  contribution  of  structures  other  than  a-helix  - 
most  probably  random  coil  structure,  which  would  represent  residues  that  are  not  specifically 
assigned  to  other  than  the  a-helix  pure  secondary  structures.  In  contrast  the  UspDBD  CD 
spectrum  displays  clear  a-helical  character  (Fig.  8A)  and  is  very  similar  to  the  CD  spectra 
observed  previously  for  DBDs  of  the  receptors  for  estrogen  and  glucocorticoid.  Thus  in 
comparison  to  its  partner  (i.e.  UspDBD)  EcRDBD  seems  to  be  more  unstructured.  To 
determine  if  this  observation  is  reflected  in  the  stabilities  of  the  EcRDBD  and  UspDBD 
molecules  we  performed  chemical  denaturation  experiments  using  guanidinium 
hydrochloride.  Since  both  DBDs  does  not  contain  tryptophan,  the  unfolding  reaction  was 
monitored  using  intrinsic  tyrosine  fluorescence.  The  results  presented  in  Fig.  8B  show  that 
EcRDBD  is  extremely  unstable  protein.  Starting  from  the  lowest  denaturant  concentrations  a 
gradual  decrease  in  the  fraction  of  the  unfolded  protein  could  be  observed.  To  check  if  this 
denaturation  profile  is  characteristic  only  for  the  Drosophila  EcRDBD  molecules,  chemical 
denaturation  experiment  was  carried  out  for  the  overexpressed  and  purified  Bombyx  mori 
EcRDBD.  As  shown  in  Fig.  8B  the  denaturation  profiles  of  both  proteins  are  virtually 
superimposable,  which  suggests  that  structural  liability  seems  to  be  a  general  feature  of  the 
EcRDBDs.  Notably,  the  triple  mutant  (V72I/P73Q/N75P)  described  in  this  study  exhibits  the 
same  denaturation  characteristics  (see  Fig.  8B).  It  has  been  recently  reported  that  truncating 
the  highly  positively  charged  C-terminal  extensions  of  DBDs  of  glucorticoid  and  estrogen 
receptors  increased  stability  of  both  proteins.  To  test  if  the  stability  of  the  EcRDBD  is 
dependent  on  the  C-terminal  region,  the  denaturation  profile  was  studied  for  the  EcRDBD 


mutant  (EcRDBDaa)  with  the  deleted  C-terminal  region  (A-box)  containing  many  positively 
charged  amino  acid  residues.  Fig.  8B  shows  that  the  denaturation  curve  of  this  proteins  is  very 
similar  to  the  denaturation  curve  obtained  for  the  wild-type  EcRDBD.  This,  along  with  data 
obtained  for  other  DBDs,  would  imply  that  the  A-box  sequence  itself  does  not  destabilize  the 
EcRDBD  and  that  the  EcRDBD  instability  is  inherent  property  of  the  core  part  of  this  protein. 
In  opposition  to  EcRDBD,  the  UspDBD  molecule  is  more  stable.  The  UspDBD  denaturation 
curve  is  clearly  shifted  to  a  higher  concentrations  of  denaturant  (see  Fig.  8B)  and  shows  a 
two  state  transition,  previously  reported  for  DBDs  of  mammalian  steroid  receptors. 

To  answer  the  question  of  whether  or  not  guanidinium  hydrochloride-denatured  Usp  and/or 
EcR  DBDs  are  able  to  return  to  active  structure,  refolding  experiments  were  performed.  After 
dilution  of  the  unfolded  DBDs  samples  incubated  wit  4.0  M  guanidinium  hydrochloride,  their 
hsp27pai  binding  affinities  were  analyzed  and  compared  with  the  activity  of  the  control 
samples  (Fig.  8C  and  8D).  The  control  samples  contained  the  same  concentration  of  the 
respective  DBD  and  the  residual  concentration  of  the  denaturant  as  the  diluted  samples, 
however  DBDs  in  the  control  samples  were  not  exposed  to  the  4.0  M  guanidinium 
hydrochloride.  As  shown  in  Fig.  8C  and  8D  (lanes  3  and  4)  UspDBD  recovered  at  least  90% 
of  the  control  sample  activity.  Slightly  lower  recoveries  were  observed  for  homodimeric 
complexes  of  Drosophila  and  Bombyx  EcRDBDs  -  79%  and  75%,  respectively  (Fig.  8C  and 
8D,  lanes  6,  7  and  9,10,  respectively).  Interestingly,  heterodimeric  complexes  formed  using 
non-denatured  DBD  and  renatured  partner  exhibited  almost  identical  activity  (ca.  W%  of  the 
activity  of  the  control  sample  containing  non-denatured  DBDs),  irrespective  which  of  the 
DBD  was  renatured  (Fig.  8C  and  8D,  lanes  1 1-14). 

Thus,  in  contrast  to  UspDBD  EcRDBD  seems  to  be  characterized  by  the  low  content  of 
the  defined  secondary  structure  and  by  the  low  stability,  which  together  means  that  in  the 
DNA-unbound  state  the  EcRDBD  is  likely  to  be  largely  unstructured.  Nevertheless,  even  after 


denaturation/renaturation  cycle  the  EcRDBD  finds  its  unique  native  structure/conformation 
which  manifests  itself  in  the  ability  to  form  homo  -  and  heterodimers  on  hsp27pai  element. 
Interestingly,  on  the  same  element  EcRDBD  is  also  able  to  form,  in  a  synergistic  manner, 
complexes  with  the  DBD  of  the  Drosophila  orphan  nuclear  receptor  DHR38  (DHR38DBD) 
(Fig.  9).  So,  in  contrast  to  UspDBD,  which  on  the  same  element  does  not  form  complexes 
with  DHR38DBD  (not  shown),  EcRDBDB  molecule  exhibits  remarkable  ability  to  accept 
different  DBDs  as  a  partners  on  hsp27pai. 

DISCUSSION 

Although  molecular  studies  of  the  EcR  and  the  Usp  are  much  less  extensive  than  those 
of  vertebrate  heterodimeric  nuclear  receptors,  it  is  already  clear  that  the  EcR  exhibits  a  unique 
combination  of  characteristic  and  thus  holds  a  exceptional  position  among  the  family.  For 
example,  unlike  the  vertebrate  steroid  receptors  EcR  by  itself  cannot  bind  its  ligand,  20E;  it 
must  heterodimerize  with  its  partner  Usp  for  the  stabilization  of  a  ligand-binding 
conformation.  The  other  very  intriguing  feature  of  the  EcR/Usp  heterodimer  is  its  preference 
for  response  elements  arranged  as  highly  degenerated  imperfect  palindromes  with  a  single 
intervening  nucleotide.  This  attribute  clearly  distinguishes  the  EcR/Usp  heterodimer  from  the 
vertebrate  counterparts  which  prefer  inherently  asymmetric  DNA  binding  sites  composed  of 
directly  repeated  half-sites  for  formation  of  the  complexes  characterized  by  the  defined 
anisotropy.  An  arrangement  in  which  RXR  subunit  locates  on  the  5’  site  of  directly  repeated 
elements,  is  most  often  observed  with  RXR  heterodimers.  Surprisingly,  the 
EcRDBD/UspDBD  exhibits  a  similar  anisotropic  arrangement  not  only  on  highly  degenerated 
natural  hsp27pai  element  but  also  on  idealized  IR-1  element  containing  symmetric  AGGTCA 
half-sites.  In  both  cases  the  UspDBD  binds  5’  half-site  of  the  element  while  the  EcRDBD 
subunit  binds  to  the  3’  half-site.  The  same  is  also  true  when  EcRDBD  forms  heterocomplex 


on  the  IR- 1  element  with  the  DBD  of  the  RXR  (RXRDBD)  -  the  mammalian  homologue  of 
the  Usp.  In  contrast  to  the  vertebrate  DBDs  forming  on  the  direct  repeats,  the  non-symmetric 
‘head  to  tail’  heterocomplexes  with  RXRDBD,  the  EcRDBD/RXRDBD  and  the 
EcRDBD/UspDBD  complexes  are  organized  on  IR-1  element  in  a  ‘head  to  head’  manner, 
with  the  same  fragments  of  the  EcR  and  the  Usp/RXR  DBDs  brought  to  the  subunit  interface. 
However,  since  the  regions  of  EcRDBD  are  distinct  in  sequence  from  their  counterparts  in  the 
Usp/RXR,  the  dimer  interface  has  clear  non-symmetric  character.  This  contrasts  with 
observation  made  in  the  case  of  vertebrate  steroid  receptor  complexes  with  the  inverted  repeat 
elements,  in  which  ‘head  to  head’  organized  DBDs  use  identical  residues  to  form  perfectly 
symmetric  interactions.  Thus  the  the  EcR  receptor,  which  relies  on  both  inverted  repeat  target 
and  heterodimerization,  has  characteristics  typical  of  both  steroid  and  non-steroid  receptors, 
and  seems  to  be  a  evolutionary  link  between  the  vertebrate  steroid  and  non-steroid  receptors. 
In  the  experiments  reported  here  we  have  examined  the  contributions  of  the  individual  amino 
acids  located  in  two  particular  EcRDBD  regions  to  the  specific  interaction  with  the  natural 
response  element  and  to  stabilization  of  the  EcRDBD  molecule. 

DNA-recognition  a-helix 

Recently  published  crystallographic  analysis  of  the  EcRDBD/UspDBD  complex  have 
identified  the  main  “hook’  residues  within  the  DNA-recognition  a-helix  of  the  EcRDBD.  It 
has  been  shown  that  these  residues,  consisting  of  E29,  G20,  K22,  R26  and  R27,  form  base 
specific  contacts  with  the  3’  half-site  of  the  IR-1  element.  Our  results  indicate  that  with  one 
exception  (E19)  all  these  residues  are  also  critical  when  5’  half-site  of  the  natural 
pseudopalindromic  element  ( hsp27pai )  is  used  as  a  target.  Two  other  residues  (S28,  K31), 
which  were  not  identified  as  hook  residues  in  the  EcRDBD/UspDBD/IR-1  crystal,  seem  to  be 
involved  in  some  hsp27par specific  contacts.  Interestingly,  the  same  residues  were  identified  to 
play  a  key  role  in  EcRDBD  homodimer  formation.  Our  previous  study  has  demonstrated  that 


the  5’  half-site  of  the  hsp27pai  element  exhibits  substantially  higher  affinity  against  the 
EcRDBD  than  the  3’  half-site.  Thus,  it  is  quite  possible  that  the  results  obtained  for  EcRDBD 
homodimer  reflect  primarily  the  influence  of  the  respective  mutations  on  the  EcRDBD 
molecule  interacting  with  the  high-affinity  5’  half-site.  However  in  the  case  of  two  residues 
(G20,  S28)  the  magnitude  of  the  EcRDBD  homodimer  affinity  changes  was  clearly  higher 
than  it  was  observed  for  monomer,  which  could  indicate  that  G20  and  S28  are  main  contact 
residues  of  the  EcRDBD  located  on  the  hsp27pal  3’  half-site. 

Results  presented  in  this  study  demonstrate  different  impact  of  the  amino  acid  residues  of  the 
DNA-recognition  a-helix  on  EcRDBD  interaction  with  DNA.  The  greatest  DNA  binding 
defects  were  observed  for  three  residues  (K22,  R26  and  R27),  which  are  very  often  involved 
in  formation  of  the  specific  contacts  of  different  DBDs  with  DNA.  However,  the  pattern  of 
hydrogen  bonds  between  these  residues  and  respective  bases  varies  and  is  case-specific.  Here, 
simultaneous  analysis  of  the  EMSA  and  CD  data  demonstrate  for  the  first  time  that  only  K22, 
and  R26  are  pure  contact  residues,  which  are  not  involved  in  the  stabilization  of  the  DNA- 
recognition  a-helix  and  possibly  of  the  whole  EcRDBD  molecule.  This  is  also  true  for  S28, 
which  has  not  been  defined  as  a  hook  residue  in  the  EcRDBD/UspDBD/IR-1  structure.  All 
other  residues  important  for  effective  interaction  with  the  hsp27pai,  including  R27,  are  to  some 
extent  involved  in  stabilization  of  the  EcRDBD  molecule.  Thus,  the  observed  changes  in  the 
EcRDBD  binding  activity  cannot  be  solely  attributed  to  the  loss  of  the  specific  contacts,  due 
to  the  mutation  of  the  defined  amino  acid  residue.  Further  experimental  support  by 
crystallographic  and/or  NMR  spectroscopy  studies  is  needed  to  clarify  ultimately  the 
involvement  of  these  residues  in  the  specific  contacts  with  the  natural,  i.e.  asymmetric 
elements.  Of  particular  interest  among  all  analyzed  residues  was  G23.  Its  substitution  by  the 
alanine  led  to  the  most  pronounced  change  in  the  EcRDBD  molecule.  However,  this  change  is 
readily  accepted  by  the  EcRDBD.  This  along  with  other  observations  indicating  that 


magnitudes  of  the  affinity  changes  against  DNA  were  lowered  in  the  EcRDBD/UspDBD 
heterocomplex  suggests  that  EcRDBD  exhibits  exceptional  plasticity  (see  below). 

T-box 

Mutational  studies  and  analysis  of  the  crystallographic  structures  of  the  nuclear  receptor 
DNA-binding  domains  bound  to  asymmetrical  response  elements  have  underlined  the 
functional  importance  of  the  so-called  C-terminal  extension  (CTE)  of  the  core  DBD.  The 
CTE  sequence,  consisting  of  the  T-box  and  the  adjacent  a-helix  (A-box),  is  a  unique  and 
characteristic  structural  element  which  mediates  for  the  particular  receptor  its  dimerization  on 
asymmetrical  elements  and  significantly  contributes  to  DNA  binding  specificity.  Recently 

l 

reported  crystal  structures  of  the  VDR  DBD  in  complex  with  response  elements  from  three 
different  promoters  support  this  hypothesis  and  provide  further  evidence  that  the  T-box 
together  with  a-helix  are  identity  elements  defining  the  conformation  of  the  CTE  and  thus 
response  element  discrimination.  In  this  work  we  have  analyzed  the  roles  of  the  individual 
amino  acids  located  in  the  EcRDBD  T-box  sequence.  Accordingly  to  the  data  published  for 
vertebrate  heterodimeric  receptors  T-box,  together  with  adjacent  A-box,  forms  a  characteristic 
structural  element,  which  for  the  particular  receptor  mediates  its  dimerization  on 
asymmetrical  elements  and  considerably  contributes  to  DNA  binding  specificity.  Whereas  A- 
box  residues  are  mainly  involved  in  the  specific  contacts  with  the  response  element,  T-box 
performs  simultaneously  different  functions,  including  specific  base-pairing,  forming  of  the 
dimmer  interface  and  first  of  all  bringing  of  the  A-box  helix  in  the  correct  position.  We 
examined  the  effects  of  alanine  substitutions  for  eight  T-box  amino  acid  residues  on  DNA 
binding  activity  and  structure  stability  of  the  EcRDBD  molecule.  As  shown  in  Fig.  10,  with 
exception  of  two  positions  in  Bombyx  mori,  these  amino  acids  are  absolutely  conserved 
among  all  other  EcRs.  This  conservation  cannot  be  easily  explained  for  two  residues  (P68, 
E74)  which  accordingly  to  our  data  are  dispensable  at  least  for  DNA  binding  and  stabilization 


of  the  structure  of  the  EcRDBD  molecule.  Interestingly,  the  R67  seems  to  be  a  pure  contact 
residue,  not  involved  in  the  stabilization  of  the  domain.  Since,  according  to  the 
crystallographic  data  obtained  for  EcRDBD/UspDBD  heterocomplex  on  IR-1  element  this 
residue  has  not  been  reported  to  be  involved  in  any  contacts  with  DNA,  it  is  reasonably  to 
assume  that  our  observation  is  specific  for  natural  response  element.  All  other  analyzed 
residues  show  evidence  of  structural  function  as  indicated  by  the  CD  spectra  changes 
observed.  However,  in  case  of  V71A,  V72A  and  P73A  mutants  involves  unambiguous 
change  in  the  DNA  binding  affinity  of  the  EcRDBD  mono-  and  homodimer.  These  residues 
together  wit  C70  make  up  the  hydrophobic  core  of  the  T-box  region  and  in  the 
EcRDBD/UspDBD  complex  on  IR-1  element  are  localized  in  this  part  of  the  EcRDBD  where 
dramatic  change  in  the  polypeptide  direction  is  observed.  Two  consecutive  turns  are 
responsible  for  it;  (3-tum  which  includes  C70,  V71,  Y72,  and  P73,  and  y-tum  consisting  of 
P73,  E74  and  N75.  The  results  presented  in  this  work  highlight  the  distinctiveness  of  the  P73 
residue  -  its  mutation  has  detrimental  effect  on  DNA  binding  affinity  of  the  EcRDBD 
homodimers  and  exhibits  the  strongest  effect  on  the  heterodimer  affinity.  As  can  be  concluded 
from  the  structural  data  obtained  for  the  EcRDBD/UspDBD  bound  to  IR-1  element  the  P73 
residue  is  not  involved  in  any  interactions  important  for  stabilization  of  the  core  DBD,  thus  it 
is  conceivable  that  its  main  task  is  the  proper  folding  of  the  EcRDBD  CTE.  Theoretically, 
EcRDBD  deprived  of  A-box  contains  all  residues  needed  for  the  effective  formation  of  the 
heterocomplex  with  UspDBD  on  the  response  element.  This,  at  least,  can  be  inferred  from  the 
above  mentioned  structural  data.  However,  biochemical  data  obtained  for  such  EcRDBD 
derivative  have  clearly  demonstrated  that  A-box  is  indispensable  for  effective  heterodimer 
formation.  Furthermore,  structural  data  obtained  for  only  seven  out  of  25  A-box  residues  of 
the  EcRDBD  complexed  with  RXRDBD  on  IR-1  element  suggest  that  A-box  is  directed  to 
the  5’  half-site.  Thus,  one  could  speculate  that  this  part  of  the  EcRDBD  is  involved  in  some 


additional,  not  seen  in  the  crystal  structure,  protein  -  DNA  or  protein-protein-DNA 
interactions.  It  is  quite  possible  that  P73,  whose  amide  and  carbonyl  groups  are  involved  in 
crucial  hydrogen  bonds  of  (3-  and  y-tum,  is  a  key  residue  positioning  A-box  of  the  EcRDBD. 
Similar  function  could  be  ascribed  to  the  V72  residue.  Accordingly  to  the  structure  of  the 
EcRDBD/UspDBD  heterocomplex  on  IR-1,  the  V72  resides  lies  outside  of  the  core  DBD. 
However,  due  to  the  interaction  with  the  phosphate  backbone  the  V72  is  locked  in  the  defined 
position  outside.  The  function  of  the  V7 1  seems  to  be  more  complicated  since  according  to 
crystallographic  data  this  residue  is  involved  in  the  hydrophobic  interactions  with  side  chains 
of  the  core  DBD  residues,  i.e.  V29  and  Y13.  Uniqueness  of  the  V71,  V72  and  P73  residues  is 
further  supported  by  the  results  obtained  for  two  residues  (E69  and  C70)  which  are  located  in 
the  short  a-helical  region  starting  the  T-box  sequence.  Although  their  mutations  are 
detrimental  for  the  EcRDBD  structure,  only  a  minute  effect  on  the  homodimer  binding  could 
be  detected. 

The  ultimate  elucidation  of  the  role  of  the  EcRDBD  CTE  needs  further  experimental 
support.  In  particular,  this  would  involve  crystallographic  analysis  of  the  EcRDBD/UspDBD 
heterodimers  complexed  with  the  natural  response  elements,  which  in  contrast  to  the  idealized 
IR-1  element  could  promote  proper,  i.e.  ordered,  folding  of  the  EcRDBD  C-terminal 
sequence.  Nevertheless,  results  presented  in  our  paper  clearly  indicate  that  in  contrast  to  the 
vertebrate  receptors  the  EcRDBD  C-terminal  sequence  is  involved  in  the  stabilization  of  this 
domain  and  in  the  interaction  with  the  specific  DNA  sequences. 

Plasticity  of  the  EcRDBD 

As  shown  above  the  EcRDBD  exhibits  unexpected  mutation  tolerance,  which  is  particularly 
manifested  when  DNA-binding  affinity  of  the  EcRDBD/UspDBD  heterodimers  is  analyzed. 
At  least  in  the  case  of  the  DNA  recognition  a-helix  this  property  clearly  distinguishes  the 
EcRDBD  from  the  UspDBD.  It  has  been  shown  previously  that  UspDBD  affinity  changes 


caused  by  the  substitution  of  the  DNA  recognition  a-helix  residues  by  the  alanine  are  directly 
reflected  in  the  UspDBD/EcRDBD  -  hsp27pai  interaction  pattern.  Our  unpublished  results 
indicate  that  this  is  also  true  for  the  UspDBD  T-box  alanine  mutants.  This  striking  difference 
in  the  structural  adaptability,  which  has  not  been  observed  yet  for  any  vertebrate  nuclear 
receptor  DBDs  forming  heterodimeric  complex,  can  be  explained  by  the  different  properties 
of  both  DBDs.  In  contrast  to  UspDBD,  the  EcRDBD  seems  to  be  more  unstructured  and  less 
stable,  which  unveils  the  absence  of  cooperative  unfolding  transitions  characteristic  of  a  well- 
defined  (i.e.  globular)  tertiary  folding.  These  properties,  along  with  the  previously  published 
gel  filtration  data  indicating  that  the  apparent  molecular  mass  of  the  EcRDBD  (17.4  kDa)  is 
greater  than  the  predicted  value  (13.5  kDa),  suggest  that  EcRDBD  (or  at  least  some  fragments 
of  this  domain)  is  akin  toIUPs,  which  are  characterized  by  an  almost  complete  lack  of  the 
folded  structure  and  an  extended  conformation  with  high  intramolecular  flexibility  and  little 
secondary  structure.  An  prominent  feature  of  IUPs  is  that  they  can  adopt  different  structures 
upon  different  stimuli  or  with  different  partners,  which  enables  their  versatile  interaction  with 
different  targets.  This  phenomenon  termed  binding  promiscuity  or  one-to-many  signaling, 
seems  to  exists  also  in  the  case  of  the  EcRDBD.  Our  paper  provides  for  the  first  time 
experimental  evidence  that  the  EcRDBD  is  able  to  interact  on  hsp27pai  element  not  only  with 
the  EcRDBD  and  the  UspDBD  but  also  with  the  DHR38DBD  molecule.  The  biological 
significance  of  the  last  observation  is  not  clear,  since  it  has  been  reported  that  the  full-length 
EcR  and  DHR38  are  not  capable  of  binding  to  hsp27pal  element.  Our  results  however,  clearly 
demonstrate  that  isolated  DBDs  of  both  receptors  can  interact  on  this  element  effectively, 
which  suggests  that  under  certain  conditions  formation  of  the  EcR-DHR38  complex  on  DNA 
might  be  possible.  Another  unique  functional  faculty  of  the  IUPs  is  that  their  open  structures 
is  largely  preserved  when  they  complex  with  their  target,  which  provides  for  a 
disproportionaly  large  binding  surface  and  multiple  contact  points.  The  existence  of  the  large 


DNA-binding  surface  in  the  EcRDBD  and  multiple  contact  points  involved  in  the  interaction 
have  been  suggested  for  the  first  time  by  mutational  experiments.  Recently  published 
structural  data  of  the  EcRDBD/UpsDBD  complex  with  IR-1  element  fully  support  this 
hypothesis  and  show  that  EcRDBD  footprint  on  DNA  extents  well  beyond  its  own  AGGTCA 
site  to  reach  over  both  its  3 ’-flanking  sequences  and  a  large  portion  of  the  UspDBD  half-site. 
In  total,  the  EcRDBD  footprint  extends  over  13bp.  According  to  XXXX  the  exact  nucleotide 
sequence  of  the  response  elements  affects  not  only  the  overall  affinity  of  the  receptor  for  its 
site  but  also  influences  the  tertiary  structure  of  the  receptor.  Therefore  site-specific  DNA 
binding  may  be  a  trigger  for  an  active  intramolecular  event  that  changes  the  shape  of  the  DBD 
and  in  consequence  of  the  whole  receptor  in  a  response  element-specific  way.  This  could 
result  in  binding  certain  ancillary  proteins  in  a  site-specific  way.  Since  transcriptional 
regulation  for  a  specific  gene  depends  upon  interactions  of  these  proteins,  the  exact  DNA 
sequence  of  the  response  elements  may  be  the  crucial  regulatory  factor.  The 
EcRDBD/UspDBD  heterodimer  complexed  with  the  respective  response  element  seems  to  be 
the  appropriate  candidate  for  such  sequence-dependent  ancillary  protein  selection.  Firstly,  the 
integral  part  of  the  heterodimer  is  the  EcRDBD,  which  due  to  natively  unstructured  proteins¬ 
like  properties  could  easily  accommodate  DNA-induced  changes  in  the  secondary  and  tertiary 
structure.  Secondly,  as  demonstrated  by  mutational  studies  only  XXbp  among  15bp  in 
hsp27Pai  are  indispensable  for  effective  interaction  either  with  the  complex  formed  by  the  full- 
length  EcR  and  Usp  or  with  their  DBDs.  Other  positions  are  not  obligatory  for 
heterodimerization,  and  as  previously  suggested,  these  positions  may  be  used  for  the  fine 
tuning  of  the  EcRDBD/UspDBD  structure  and  thus  biological  response.  Since  even  subtle 
structural  changes  in  the  DBD  can  have  long-range  functional  consequences  it  is  possible  that 
in  the  full-length  EcR  DNA  binding  could  affect  tertiary  structure  of  other  EcR  domains.  The 
EcR  ligand  binding  domain  looks  like  a  appropriate  candidate  for  such  intramolecular 


“crosstalk”.  According  to  mutational  and  crystallographic  studies  this  domain  is  also 
characterized  by  the  extreme  flexibility  and  adaptability,  properties  that  allow  moulding  of  the 
domain  around  two  completely  different  ligands  -  steroid  and  non-steroid  agonists.  Thus, 
plasticity  seems  to  be  general  feature  of  the  EcR  molecule.  One  of  the  reasons  why  EcR,  the 
only  known  ligand-dependent  nuclear  receptor  in  insects,  has  gained  such  unusual 
characteristic  among  all  other  nuclear  receptors  may  be  its  key  position  in  the  mediation  of  the 
20E  signal  transduction  pathways.  The  insect  haemolymph  carries  a  wide  range  of 
endogenous  ecdysteroids,  some  of  which  are  only  present  at  specific  stages  during 
development.  Mounting  evidence  indicates  that  alternate  transcriptional  pathways  exist  that 
are  driven  by  ecdysteroids  other  than  20E.  Coordinate  changes  in  ecdysteroid-regulated  gene 
expression  occur  at  several  stages  in  the  Drosophila  life  cycle  at  times  when  20E  titer  is 
known  to  be  low.  Given  the  reported  biological  activity  of  these  ecdysteroids,  it  seems 
reasonable  to  expect  that  some  of  the  diverse  pathways  can  be  mediated  by  a  single  EcR 
molecule.  Due  to  the  presence  of  the  pliable  ligand-  and  DNA  binding  domains  EcR  could 
adopt  different,  though  ligand  and  response  element  specific,  conformations  and  thus  in 
cooperation  with  specific  cofactors  and/or  primary  transcription  factors  act  as  a  universal  and 
versatile  factor  controlling  numerous  ecdysteroid-dependent  genes  in  a  tissue-  and  gene 
specific  pattern. 

MATERIALS  AND  METHODS 
Bacterial  strain  and  plasmid  vector 

The  plasmid  pGEX-2T  (Amersham  Biosciences,  Germany)  containing  laclq  gene  was  used  for 
the  expression  of  DBDs  as  fusions  with  Schistosoma  japonicum  glutathione  S-transferase 
(GST).  For  the  DBDs  production  Escherichia  coli  strain  BL21(DE3)pLysS  (Novagen, 
Germany)  was  used. 


Construction  of  DBDs-expresion  vectors;  Site-directed  mutagenesis 

The  construction  of  the  expression  plasmids  for  the  wild-type  Drosophila  melanogaster 
EcR  and  Usp  GST-DBDs  (pGEX-2T-EcRDBD,  pGEX-2T-UspDBD  respectively)  has  been 
described  previously.  The  expression  plasmid  for  the  wild-type  Bombyx  mori  GST-DBD  was 
constructed  analogously  using  following  primers  5 -gcccggggatccGCACCTCGA 
CAGCAAGAG-3  (sense)  and  5  -gcccggggafccGTCTTCGACTGTGGTCGTA-3  (antisense). 
The  construction  of  the  expression  plasmid  for  the  6xHis-tagged  DBD  (amino  acids  212  do 
337)  of  the  Drosophila  orphan  nuclear  receptor  DHR38  (DHR38DBD)will  be  described 
elsewhere. 

PCR-based  megaprimer  mutagenesis  protocol  was  used  to  introduce  new  codons 
within  the  DNA  region  encoding  the  putative  T-box  and  the  recognition  a-helix  of  the 
EcRDBD.  Plasmid  pGEX-2T-EcRDBD  was  used  as  a  template.  The  sequence  of  the 
recombinant  DNA  fragments  was  verified  by  dideoxy  sequencing. 

Overexpression  and  purification  of  the  wild-type  and  mutant  proteins 

The  expression  of  GST-DBDs  and  purification  of  the  wild-type  Drosophila  UspDBD, 
EcRDBD  and  its  mutated  derivatives,  as  GST-free  proteins,  were  performed  as  described 
previously.  The  Bombyx  mori  EcRDBD  was  isolated  using  procedure  elaborated  for  the 
Drosophila  EcRDBD.  The  procedure  for  the  overexpression  and  purification  of  the 
DHR38DBD  will  be  described  elsewhere. 

DNA-binding  assays 

Electrophoretic  mobility-shift  assays  (EMSAs)  were  performed  under  conditions 
described  previously.  The  indicated  amounts  of  protein(s)  and  constant  amount  (fmol)  of  the 
appropriate  32P-labelled  double-stranded  oligonucleotide  and  110  ng  of  poly(dl-dC) 
(Amersham  Biosciences,  Germany)  were  incubated  for  30  min  on  ice  in  a  final  volume  of  25 


pL  binding  buffer  (50  mM  Na2HPC>4,  100  mM  NaCl,  1  mM  2-mercaptoethanol,  5  pM  ZnCl2, 
10%  (v/v)  glicerol,  pH  7.8  at  22°C).  The  DBD-DNA  complexes  were  separated  from  the  free 
DNA  on  5%  polyacrylamide  gel  in  0.25  x  Tris/Borate/EDTA.  The  gel  was  precooled  to  4°C 
overnight,  prerun  at  160  V  for  20  min  and  after  applying  samples  the  electrophoresis  was 
continued  at  4°C  for  30  min  at  270  V  and  then  for  240  min  at  200  V.  After  that  the  gels  were 
dried  under  vacuum  at  80°C  and  exposed  to  Imaging  Plates  (Fuji  Photo  Film,  Japan). 
Fluorescence  signals  were  scanned  with  the  Fuji  Film  FLA-3000  Fluorescent  Image  Analyzer 
(Raytest  Isotopenme_gerate  GmbH,  Germany).  Scans  were  read  at  50-_m  resolution  and  16- 
bit  quantitative  image  accuracy,  and  then  analyzed  using  AIDA  Bio-Package  software 
(Raytest  Isotopenme  gerate  GmbH,  Germany). 

Circular  dichroism  spectroscopy 

CD  spectra  were  recorded  using  Jasco  J-715  spectrometer  in  0.1  cm  cuvettes 
thermostated  at  20°C  in  50  mM  Na2HP04  buffer  (pH  7.8  at  22°C)  containing  250  mM  NaCl, 
1  mM  2-mercaptoethanol,  5  pM  ZnCL,  10%  (v/v)  glycerol.  Spectra  were  recorded  with 
response  time  of  1.0  sec  and  with  data  spacing  0.5  nm.  Each  spectrum  shown  is  the  result  of 
five  spectra  accumulated  and  averaged. 

Chemical  denaturation 

Denaturation  profiles  were  monitored  by  florescence  (X.ex  =  275  nm,  Xem  =  305  nm,  at 
18°C)  using  the  Fluorolog-3  instrument  (SPX,  Jobin-Yvon,  Horiba,  ISA)  and  quartz  cuvettes 
with  1  cm  path  length.  The  concentration  of  the  proteins  was  11.5  pM  (9.0  pM  for 
V72I/P73Q/N75P  mutant).  The  concentrated  guanidinium  hydrochloride  solution  (7.0  M)  was 
added  to  the  protein  samples  in  the  phosphate  buffer  (50  mM  Na2HPC>4,  250  mM  NaCl,  1  mM 
2-mercaptoethanol,  5  pM  ZnCl2,  10%  (v/v)  glycerol,  pH  7.8  at  22° C).  To  obtain  desired 
denaturant  concentration  the  defined  volumes  of  the  samples  were  withdrawn  from  the 


incubation  mixture  and  corresponding  volumes  of  the  guanidinium  hydrochloride  solution 
were  added  to  the  mixture  to  maintain  final  volume  500  pL.  Each  data  point  was  calculated 
considering  changes  in  protein  and  denaturant  concentration. 

Protein  concentration 

Protein  concentration  of  the  purified  proteins  was  determined  spectrophotometrically  at  280 
nm  using  absorption  coefficients  calculated  according  to  Gill  and  von  Hippel. 
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FIGURE  LEGENDS 

Fig.  1.  Schematic  diagram  of  the  macromolecular  components  used  in  this  study. 

(A)  Amino  acid  sequence  of  the  wild-type  Drosophila  melanogaster  EcRDBD.  The 
numbering  is  relative  to  the  first  Zn2+-coordinating  cysteine  of  the  DBD.  Residues  in  the 
open  circles  correspond  to  the  P-box  amino  acids.  Residues  from  the  DNA  recognition  a- 
helix  (boxed)  and  residues  from  T-box  region  that  where  substituted  with  alanine  arein  bold. 
Five  amino  acids  were  excluded  from  the  alanine  scanning.  In  particular,  Cl 8,  and  C21  which 
are  two  of  the  eight  absolutely  conserved  cysteines  which  coordinate  two  Zn2+  ions  in  nuclear 
receptors  DBDs,  and  highly  conserved  F25,  F26,  V29  residues  that  according  to  data 
published  for  other  receptors,  including  our  observations  concerning  UspDBD,  contribute  to 


hydrophobic  interaction  that  stabilize  the  DBD  structure.  (B)  Sequences  of  the 
oligonucleotides  probes  used  in  EMSAs  (only  one  strand  is  shown).  The  sequence  of  the 
hsp27Pai  oligonucleotide  is  based  on  the  natural  20E  pseudo-palindromic  response  element 
(marked  with  the  arrows)  from  the  D.  melanogaster  hsp27  gene  promoter.  hsp2  7ar  is  the 
derivative  of  the  hsp27pai  sequence  which  contains  only  left  half-site  of  the  hsp27pai  (marked 
with  the  arrow). 

Fig.  2.  DNA-binding  activities  of  the  mutants  of  the  EcRDBD  DNA  recognition  a-helix. 
Electrophoretic  mobility  shift  assays  were  carried  out  with  hsp27pai  (A,  B,  E  and  F),  hsp27 & 
(C  and  D)  and  with  the  indicated  homogenous  EcRDBD  (A,  B,  C  and  D)  or  equimolar 
mixture  of  the  respective  EcRDBD  and  the  wild-type  UspDBD  (E  and  F).  (B),  (D)  and  (F) 
represent  quantitative  analysis  of  the  EMSA  data  presented  in  (A)  (lanes  2-11),  (C)  (lanes  2- 
12),  and  (E)  ( lanes  2-11),  carried  out  using  Fuji  Film  FLA-3000  Fluorescent  Image  Analyzer. 
The  columns  indicate  mean  values  of  three  independent  experiments  and  bars  indicate 
standard  deviations. 

The  complexes  formed  by  one  DBD  molecule  are  indicated  by  Cl  and  those  originated  from 
homo-  or  heterodimer  by  CII;  F,  free  probe.  The  DBDs  forming  the  respective  complex  are 
denoted  by  U  for  UspDBD,  E  for  EcRDBD.  The  protein  concentrations  were:  (A)  lanes  2-12, 
240  nM  of  the  indicated  EcRDBD;  lane  13,  the  same  amount  of  the  wild-type  UspDBD;  lane 
14,  120  nM  of  each  wild-type  DBD;  (C)  protein  concentrations  were  as  in  (A);  (E)  lanes  2-11, 
60  nM  of  the  wild-type  UspDBD  and  60  nM  of  the  indicated  EcRDBD;  lane  12,  120  nM  of 
the  wild  type  UspDBD;  lane  13, 120  nM  of  the  wild-type  EcRDBD. 

Fig.  3.  Far-UV  CD  spectra  of  the  mutants  of  the  EcRDBD  DNA  recognition  a-helix. 

CD  measurements  of  protein  solutions  (10  p,M)  were  done  on  the  Jasco  J-715 
spectropolarimeter.  Spectra  were  recorded  with  the  response  time  of  1.0  sec  and  with  the  data 
point  resolution  of  1  nm  using  cuvette  with  0.1  cm  path  length.  Five  scans  were  averaged  in 


order  to  obtain  smooth  spectra.  The  black  circles  represent  the  spectra  of  the  wild-type 
EcRDBD,  the  open  circles  represent  the  spectra  of  the  indicated  mutant.  [0]MRE  indicates 

mean  residue  ellipticity  (in  deg_cm2_dmol-l). 

Fig.  4.  DNA-binding  of  the  EcRDBD  T-  box  mutants  to  hsp27pai. 

Gel  retardation  experiments  were  performed  with  hsp27pai  and  increasing  amounts  of  the 
indicated  EcRDBD  (A-H).  The  respective  complexes  were  visualized  by  phosphoimaging 
(insets)  and  their  quantitaion  is  graphically  depicted.  Black  circles  and  black  triangles 
represent  CII  and  Cl  complexes  formed  by  the  wild-type  EcRDBD;  the  open  circles  and  the 
open  triangles  represent  CII  and  Cl  complexes  formed  by  the  indicated  mutant.  Protein 
concentrations  (in  nM)  in  lanes  1-13  were:  0,  8,  16,  32,  60,  120,  200,  240,  400,  500,  600,  800, 
1000.  The  figure  shows  a  representative  experiment;  similar  results  have  been  obtained  in  at 
lest  four  independent  experiments.  For  more  details  see  text  and  the  legend  to  Fig.  2. 

Fig.  5.  DNA-binding  of  the  EcRDBD  T-box  mutants  in  the  presence  of  the  wild-type  UspDBD. 
Gel  retardation  experiments  were  performed  with  hsp27pai  and  increasing  amounts  of 
equimolar  mixture  of  the  indicated  EcRDBD  with  the  wild-type  UspDBD.  Protein 
concentration  (in  nM)  were:  lanes  1-13:  0,  4,  8,  16,  30,  60,  100,  120,  200,  250,  300,  400,  500 
of  each  DBDs.  The  black  circles  represent  the  wild-type  UspDBD/EcRDBD  heterodimer;  the 
open  circles  represent  the  complexes  formed  by  the  wild-type  UspDBD  with  the  indicated 
mutant.  Other  details  as  in  the  legend  to  Fig.  4. 

Fig.  6.  Far-UV  CD  spectra  of  the  EcRDBD  T-  box  mutants. 

The  black  circles  represent  the  spectra  of  the  wild-type  EcRDBD,  the  open  circles  represent 
the  spectra  of  the  indicated  mutant,  respectively.  [0]MRE  is  mean  residue  ellipticity  (in 

deg_cm2_dmol-l).  Other  details  as  in  the  legend  to  Fig.  3. 

Fig.  7.  The  triple  mutant  of  the  Drosophila  EcRDBD.  The  triple  mutant  (V72I/P73Q/N75P)  of 
the  Drosophila  EcRDBD  (D.  m.)  containing  at  positions  72,  73  and  75  amino  acid  residues 


occurring  in  Bombyx  mori  ( B .  m.)  EcRDBD  (A)  was  obtained  in  a  homogenous  form  (not 
shown).  The  hsp27pai-binding  affinity  of  the  V72I/P73Q/N75P  mutant  (open  circles))  was 
analyzed  in  the  absence  (B)  and  in  the  presence  (C)  of  the  wild-type  UspDBD  and  compared 
with  the  affinity  wild-type  Drosophila  EcRDBD  (filled  circles).  Panel  (D)  shows  CD  spectra 
of  the  Drosophila  EcRDBD  and  of  the  triple  mutant.  For  more  details  see  legends  to  Fig.  3 
and  4. 

Fig.  8.  Dissymmetry  in  the  molecular  properties  of  the  EcRDBD  and  UspDBD. 

(A)  Comparison  of  the  EcRDBD  and  the  UspDBD  CD  spectra.  CD  spectra  of  the  wild-type 
Drosophila  EcRDDBD  (filled  circles)  and  UspDBD  (open  circles)  were  recorded  at  10  pM 
concentrations  under  standard  conditions  (see  Materials  and  Methods).  (B)  Chemical 
denaturation  profiles  of  the  DBDs.  Chemical  denaturation  of  the  wild-type  and  mutated 
DBDs  was  monitored  by  fluorescence  emission  measurements  under  conditions  described  in 
Materials  and  Methods  section.  The  panel  shows  denaturation  profiles  for  the  following 
DBDs:  wild-type  Drosophila  EcRDBD,  filled  circles;  wild-type  Bombyx  EcRDBD,  open 
triangles;  triple  mutant  (V72I/P73Q/N75P  )  of  the  Drosophila  EcRDBD,  filled  triangles; 
Drosophila  EcRDBD  which  does  not  contain  A-box  sequence,  open  circles;  wild-type 
Drosophila  UspDBD,  filled  squares.  (C)  Renaturation  of  DBDs.  Electrophoretic  mobility 
shift  assays  were  performed  with  hsp27pai  and  with  the  indicated  wild-type  Drosophila 
melanogaster  (D.  m.)  ox  Bombyx  mori  ( B.m .)  DBDs.  The  panel  shows  results  obtained  for  the 
DBDs  which  were  incubated  at  8.7  pM  concentration  on  ice  for  lh  with  4.0  M  guanidinum 
hydrochloride  and  then  diluted  to  obtain  0.1  M  guanidinum  hydrochloride  concentration 
(denoted  as  renaturated  DBD),  or  for  the  DBDs  which  were  treated  in  the  same  manner  except 
that  guanidinum  hydrochloride  was  completely  omitted  or  present  at  0.1  M  concentration 
(denoted  as  0.1  M  GdmCl).  The  protein  concentrations  were:  lanes  1-10,  218  nM  of  the 
indicated  DBD;  lanes  11-  14,  109  nM  of  the  indicated  DBD.  (D)  Quantitative  analysis  of  the 


data  presented  in  (C).The  quantitative  analysis  was  carried  out  using  Fuji  Film  FLA-3000 
Fluorescent  Image  Analyzer.  The  columns  indicate  mean  values  of  three  independent 
experiments  and  bars  indicate  standard  deviations. 

Fig.  9.  Interaction  of  the  EcRDBD  with  the  DHR38DBD  on  hsp27pal. 

The  32P-labelled  hsp27pai  and  500  nM  of  the  wild-type  EcRDBD  were  incubated  (lanes  3-8) 
with  increasing  amounts  (molar  excess  is  shown  over  respective  lanes)  of  the  DHR38DBD. 
The  complexes  formed  by  one  DBD  molecule  are  indicated  by  Cl  and  those  originated  from 
homo-  by  CII  and  heterodimer  by  CIII;  F,  free  probe.  The  DBDs  forming  the  respective 
complexes  are  denoted  by  E  for  EcRDBD,  D  for  DHR38DBD.  The  protein  concentrations 
were:  lane  3,  500  nM  of  both  DBDs;  lane  9,  500  nM  of  DHR38DBD;  lane  10,  2000  nM  of 
DHR38DBD,  respectively. 

Fig.  10.  Alignment  of  the  C-terminal  extension  (CTE)  sequences  of  the  DBDs. 

The  alignment  was  done  using  ClustalX(1.81)  ( ftp  ://ftp-i gbmc .u- strasbg . fr/pub/ClustalX/1 . '  * 
'  indicates  positions,  which  have  a  single,  fully  conserved  residue; ' : '  indicates  that  one  of  the 
following  'strong'  groups  is  fully  conserved.  Amino-acid  residue  numbers  are  relative  to  the 
first  Zn-coordinating  cysteine.  Regions  corresponding  to  to  the  so-called  T-box  are  boxed. 
Sequences  were  taken  from  SWISS-PROT  (http://www.expasy.org/sprot/).  Abbreviations 
used:  Drosophila  melanogaster  (Fruit  fly)  (Dm,  accession  number:  EcR:  P34021;  Usp: 
P20153),  Bombyx  mori  (Silk  moth)  (Bm,  P49881),  Manduca  sexta  (Tobacco  homworm)  (Ms, 
P49883),  Aedes  aegypti  (Yellowfever  mosquito)  (Ae,  P49880),  Locusta  migratoria 
(Migratory  locust)  (Lm,  097095),  Tenebrio  molitor  (Yellow  mealworm),  Heliothis  virescens 
(Noctuid  moth)  (Hv,  018473),  Chilo  suppressalis  (Chs,  Q8MYA6),  Choristoneura 
fumiferana  (Spruce  budworm)  (Chf,  077240),  Calliphora  vicina  (Blue  blowfly)  (Cv, 
Q9GPH1),  Ceratitis  capitata  (Mediterranean  fruit  fly)  (Cc,  076827),  Lucilia  cuprina 
(Greenbottle  fly)  (Lc,  018531),  Chironomus  tentans  (Midge)  (Cht,  P49882),  Aedes  albopictus 


(Forest  day  mosquito)  (Aal,  Q9U3Y4),  Amblyomma  americanum  (L.)  (Ixodid  tick),  (Aam, 
044338),  human  retinoic  acid  receptor-alpha  (hRXR,  PI 9793),  human  thyroid  hormone 
receptor  beta-l(hTR,  P10828),  human  famesoid  X-activated  receptor  (hFXR_(3,  Q96RI1- 
2|Q96RI1  splice  isoform  2  of  Q96RI1),  human  vitamin  D3  receptor  (hVDR,  PI  1473), 
probable  nuclear  hormone  receptor  HR38  from  Drosophila  melanogaster  (Fruit  fly)  (DHR38, 


P49869). 
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APPENDIX  5 


Structure  of  the  heterodimeric  ecdysone  receptor 
DNA-binding  complex 
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Ecdysteroids  initiate  molting  and  metamorphosis  in 
insects  via  a  heterodimeric  receptor  consisting  of  the 
ecdysone  receptor  (EcR)  and  ultraspiracle  (USP).  The 
EcR-USP  heterodimer  preferentially  mediates  tran¬ 
scription  through  highly  degenerate  pseudo-palindro¬ 
mic  response  elements,  resembling  inverted  repeats  of 
5'-AGGTCA-3'  separated  by  1  bp  (IR-1).  The  require¬ 
ment  for  a  heterodimeric  arrangement  of  EcR-USP 
subunits  to  bind  to  a  symmetric  DNA  is  unusual 
within  the  nuclear  receptor  superfamily.  We  describe 
the  2.24  A  structure  of  the  EcR-USP  DNA-binding 
domain  (DBD)  heterodimer  bound  to  an  idealized  IR- 
1  element.  EcR  and  USP  use  similar  surfaces,  and  rely 
on  the  deformed  minor  groove  of  the  DNA  to  establish 
protein-protein  contacts.  As  retinoid  X  receptor 
(RXR)  is  the  mammalian  homolog  of  USP,  we  also 
solved  the  2.60  A  crystal  structure  of  the  EcR-RXR 
DBD  heterodimer  on  IR-1  and  found  the  dimerization 
and  DNA-binding  interfaces  to  be  the  same  as  in  the 
EcR-USP  complex.  Sequence  alignments  indicate  that 
the  EcR-RXR  heterodimer  is  an  important  model  for 
understanding  how  the  FXR-RXR  heterodimer  binds 
to  IR-1  sites. 

Keywords :  ecdysone/EcR/nuclear  receptor/RXR/USP 


Introduction 

Ecdysteroids  are  arthropod-specific  hormones  that  func¬ 
tion  as  the  major  inducing  and  coordinating  signals 
responsible  for  the  widespread  changes  in  gene  expression 
associated  with  molting  and  metamorphosis  in  insects.  In 
Drosophila ,  the  ring  gland  secretes  two  major  ecdyster¬ 
oids,  a-ecdysone  and  20-deoxymakisterone  A,  which  are 
largely  inactive  (Riddiford,  1996;  Gilbert  etal,  1997).  20- 
Hydroxyecdysone  (20E),  which  is  the  product  of  the  a- 
ecdysone  conversion  in  the  peripheral  tissues  (Gilbert 
et  al ,  2002),  is  thought  to  be  a  major  signal  for  the 
coordinated  programming  of  gene  expression  patterns 
responsible  for  the  complete  metamorphosis  of  the  organ¬ 
ism  from  larva  to  fly  (Ashbumer,  1973,  1974).  The  study 
of  20E-controlled  gene  activities  has  been  pivotal  in 


formulating  modem  concepts  of  steroid  hormone-con¬ 
trolled  gene  activities  and  has  functioned  as  a  paradigm  for 
steroid  hormone  activity  (Riddiford,  1993,  1996). 

Signaling  by  20E  in  Drosophila  is  mediated  by  the 
ecdysone  receptor  complex,  a  heterodimer  of  the  ecdysone 
receptor  (EcR;  NR1H1)  and  ultraspiracle  (USP;  NR2B4) 
proteins,  both  of  which  are  members  of  the  nuclear 
receptor  family  (Koelle  et  al ,  1991;  Yao  et  al. ,  1992, 
1993;  Thomas  et  al. ,  1993;  Grad  et  al. ,  2001).  Although 
USP  has  no  known  ligands,  it  is  the  Drosophila  homolog 
of  the  mammalian  retinoid  X  receptors  (RXRs)  (Oro  et  al ., 
1990),  important  members  of  the  nuclear  receptor  family 
that  bind  to  9 -cis  retinoic  acid  and  form  heterodimeric 
complexes  with  other  nuclear  receptors,  including  the 
thyroid  hormone  receptor  (TR),  vitamin  D3  receptor 
(VDR)  and  the  all -trans  retinoic  acid  receptor  (RAR) 
(Mangelsdorf  et  al ,  1995). 

Because  there  are  only  two  types  of  consensus  half-sites 
(5'-AGGTCA-3'  and  5/-AGAACA-3/)  used  by  essentially 
all  nuclear  receptors  (Qlass,  1994),  target  selectivity 
appears  to  rely  on  the  geometry  and  spacing  of  the  half¬ 
sites,  and  not  just  the  half-site  sequences.  Importantly,  the 
DNA-binding  domains  (DBDs)  typically  generate  the 
same  pattern  of  DNA  selectivity  and  subunit  dimerization 
as  the  full-length  receptors  (Ozyhar  et  al ,  1991;  Ozyhar 
and  Pongs,  1993;  Mader  et  al ,  1993;  Perlmann  et  al, 
1993;  Zechel  et  al,  1994b,  Grad  et  al,  2001).  There  are 
exceptions  to  this  rule,  such  as  the  VDR,  whose  DBD  does 
not  generate  the  same  pattern  of  subunit  dimerization  as 
the  intact  receptor  (Shaffer  and  Gewirth,  2002). 

The  RXR  heterodimers  generally  target  direct  repeat 
DNA  sites,  which  differ  in  their  inter-half-site  spacing, 
described  by  a  1-5  rule  (Umesono  and  Evans,  1989; 
Umesono  et  al,  1991;  Mangelsdorf  and  Evans,  1995).  A 
set  of  recent  crystal  structures  of  receptor  DBDs  on  direct 
repeats  has  revealed  how  RXR  and  other  non-steroid 
receptors  bind  to  their  cognate  sites  selectively. 
Specifically,  the  structures  of  RXR-RXR/DR-1,  RXR- 
RAR/DR- 1 ,  RevErb-RevErb/DR-2,  VDR-VDR/DR-3 
and  RXR-TR/DR-4  have  been  determined  thus  far,  in 
each  case  showing  DBDs  forming  non-symmetric  ‘head  to 
tail*  interactions  (Rastinejad  etal,  1995, 2000;  Zhao  etal, 
1998, 2000;  Sierk  et  al,  2001 ;  Shaffer  and  Gewirth,  2002). 

In  contrast,  vertebrate  steroid  receptors,  such  as  the 
glucocorticoid  receptor  (GR),  the  estrogen  receptor  (ER), 
the  progesterone  receptor  (PR)  and  the  mineralocorticoid 
receptor  (MR),  each  form  homodimers  on  their  response 
elements.  These  response  elements  are  inverted  repeats 
with  the  same  3  bp  (IR-3),  causing  their  DBDs  to  form 
symmetric  ‘head  to  head’  interactions  (Luisi  et  al,  1991; 
Schwabe  et  al,  1993).  Natural  ecdysone  response  elem¬ 
ents  (EcREs)  are  imperfect  inverted  repeats  of  AGGTCA 
sequences  separated  by  1  bp  (IR-1)  (Riddihough  and 
Pelham,  1987;  Cherbas  et  al,  1991;  Ozyhar  et  al,  1991; 
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D’Avino  et  al. ,  1995;  Fisk  and  Thummel,  1995;  Homer 
ef  aL ,  1995;  Lehmann  er  ah ,  1995,  1997;  Hall  and 
Thummel,  1998;  Vogtli  el  aL ,  1998).  Therefore,  the 
requirements  for  DNA  binding  for  EcR-USP  are  distinct 
from  those  associated  with  both  the  RXR  heterodimers  and 
the  steroid  receptor  homodimers.  Besides  the  EcR-USP, 
only  the  RXR-FXR  heterodimer  is  known  to  target  IR-1 
response  elements  preferentially  (Laffitte  et  al .,  2000), 
where  FXR  is  the  nuclear  receptor  that  binds  directly  to 
bile  acids  (Chawla  et  al. ,  2001;  Mi  et  al. ,  2003). 

Here,  we  describe  the  co-crystal  structure  of  EcR-USP/ 
IR-1  at  2.24  A  resolution.  Importantly,  RXR  is  the 
mammalian  homolog  of  USP  (Oro  et  al. ,  1990),  and 
these  two  receptors  can  also  substitute  for  each  other  in 
stimulating  high  affinity  DNA  binding  of  EcR  to  IR-1 
in  vitro  (Yao  et  al. ,  1992,  1993;  Thomas  et  al .,  1993).  In 
addition,  RXR  and  USP  have  both  been  shown  to  support 


ecdysone-responsive  trans-activation  equally  in  transfec¬ 
tion  assays  in  mammalian  cell  lines  (Vogtli  et  ai.,  1998). 
Moreover,  USP  has  been  shown  to  be  capable  of 
substituting  for  RXR  in  forming  heterodimers  with  TR, 
RAR  and  VDR  (Yao  et  al .,  1992;  Thomas  et  al. ,  1993;  No 
et  al. ,  1996).  Therefore,  we  also  studied  the  2.60  A  crystal 
stmcture  of  the  EcR-RXR/IR-1  complex,  to  see  to  what 
extent  the  protein-protein  and  protein-DNA  interactions 
were  related  to  those  in  the  EcR-USP/IR-1  complex.  The 
structures  together  show  how  the  DBDs  form  their 
protein-protein  interactions  in  a  manner  that  is  highly 
discriminatory  for  the  1  bp  spacing  and  inverted  repeat 
geometry  of  the  IR-1  site.  Importantly,  the  dimerization 
surfaces  used  to  engage  EcR  on  DNA  are  essentially  the 
same  in  USP  and  RXR  but  distinct  from  those  observed  in 
other  RXR  heterodimers  or  steroid  receptor  homodimers. 
Because  FXR  is  closely  related  in  sequence  to  EcR  along 
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Fig.  1.  The  protein  and  DNA  constructs  used  in  crystallization  and  their  contacts.  (A)  Drosophila  EcR-DBD  (blue),  (B)  Drosophila  USP-DBD  (red) 
and  (C)  human  RXRa-DBD  (gold)  protein  sequences.  The  yellow  colored  cysteines  are  those  used  for  zinc  coordination.  The  a-helices  are  boxed  and 
the  p-sheets  are  shaded.  The  numbering  is  relative  to  the  first  conserved  cysteine,  with  the  authentic  numbers  appearing  in  parentheses  (Mangelsdorf 
et  al,  1995;  Oro  et  al .,  1990;  Koelle  et  al. ,  1991).  A  key  to  the  different  interactions  is  provided  within  the  figure.  Dashed  lines  indicate  N-  and 
C-terminal  residues  not  visible  in  the  electron  density  maps.  Cloning  artifacts  from  the  expression  vector  are  indicated  by  lower  case  letters.  The  red 
boxed  sequences  in  (A)  indicate  the  A-box  helix  seen  in  the  EcR-RXR  complex.  (D)  The  idealized  IR-1  response  element  used  in  the  EcR-USP 
complex,  and  (E)  in  the  EcR-RXR  complex.  The  symbols  used  are  the  same  as  in  (A-C).  Red  symbols  indicate  contacts  derived  from  USP,  blue 
symbols  indicate  those  from  EcR,  and  gold  indicates  those  from  RXR. 


its  DBD  and  also  binds  as  an  RXR  heterodimer  to  IR-1 
(Laffitte  et  al ,  2000),  our  current  structure  of  the  EcR- 
RXR/IR-1  complex  serves  as  a  useful  model  for  under¬ 
standing  how  FXR  and  RXR  are  likely  to  cooperate  in 
DNA  binding. 

Results 

Overall  architecture  of  the  EcR-USP  and  EcR-RXR 
complexes 

An  86  residue  fragment  of  the  Drosophila  USP  protein 
(residues  94-179)  and  a  109  residue  fragment  of 
Drosophila  EcR  (residues  256-364)  were  individually 
purified  and  used  for  co-crystallization  on  an  IR-1  element 
(see  Figure  1A,  B  and  D,  and  Materials  and  methods).  In 
the  absence  of  EcR-DBD,  USP-DBD  can  bind  as  a 


monomer  to  IR-1  (Niedziela-Majka  et  al. ,  2000). 
Furthermore,  in  the  absence  of  USP-DBD,  EcR-DBD 
can  bind  IR-1,  but  primarily  as  homodimer  (Niedziela- 
Majka  et  al .,  2001).  However,  when  both  DBDs  are 
present  in  solution,  the  heterodimeric  EcR-USP  complex 
on  IR-1  is  formed  with  greater  affinity  and  in  a  synergistic 
manner  (Niedziela-Majka  et  al. ,  2001).  A  number  of 
natural  EcREs  have  been  identified  to  date,  with  most  of 
these  being  imperfect  palindromes  of  PuG(G/T)TCA  with 
a  single  base  pair  acting  as  the  spacer  between  the  half¬ 
sites  (Riddihough  and  Pelham,  1987;  Cherbas  et  al.,  1991; 
Ozyhar  et  al,  1991;  Antoniewski  et  al.,  1993,1994,  1996; 
D’Avino  et  al.,  1995;  Lehmann  et  al,  1995,  1997;  Vogtli 
et  al,  1998).  Because  idealized  IR-1  elements  form  higher 
affinity  EcREs,  we  carried  out  crystallization  studies  using 
the  IR-1  sequence  in  which  both  half-sites  were  identical 
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Table  L  Data  collection  and  refinement  statistics 


EcR-USP  EcR-RXR 


Zn-peak  Zn-inflection  Zn-remote 


Data  collection 

Wavelength(A) 

1.2834 

Space  group 

P2i2i2i 

Resolution(A) 

30.0-2.24 

Mean  //o(/) 

22.0  (5.8) 

Completeness  (%) 

99.6  (97.8) 

<Redundancy> 

7.5 

Unique  reflections 

15  928 

Rsyrn3  (%) 

8.8 

Refinement  statistics 

Resolution  (A) 

20.00-2.24 

R-faetor 

23.0 

^freeb 

26.4 

Average  R-factors/no.  of  atoms 

Protein  (A2) 

41.9 

DNA  (A2) 

46.4 

Zinc  (A2)/zinc  atoms 

45,4/4 

Solvent  (A2)/solvent  atoms 

54.6/233 

R.m.s  deviations 

Bond  lengths  (A) 

0,008 

Bond  angles  (°) 

1.30 

Dihedral  angles  (°) 

20,5 

Improper  angles  (°) 

1.33 

1.2834 

1.2837 

1.2155 

P2,2,2t 

30.0-2.60 

30.0-2.60 

30.0-2.60 

23.2  (5.5) 

27.0  (3.7) 

27.5  (6.7) 

94,2  (75.4) 

98.1  (97.6) 

96.6  (86.6) 

9.8 

10.5 

10.4 

11  884 

12  008 

12  403 

10.2 

8.3 

8.1 

15,00-2.60 

23.2 

28.2 


62.9 

61.4 

58.6/4 

58.8/102 

0.011 

1.60 

21.6 

1.36 


Numbers  in  parentheses  are  for  the  highest  resolution  shell. 

aRsym  =  S4  -  <4>I/£/h,  where  </h>  is  the  average  intensity  over  symmetry-equivalent  reflections. 
b/?free  was  calculated  using  1%  of  the  data  excluded  from  refinement. 


* 

t 


5'-AGGTCA-3'  consensus  sequences,  as  shown  in 
Figure  ID  (Vogtli  et  al ,  1998;  Niedziela-Majka  et  ah , 
2000).  The  crystals  of  the  EcR-USP-DBD  heterodimer  on 
DNA  diffract  to  2.24  A  resolution  and  contain  a  single 
complex  in  their  asymmetric  units. 

The  crystallization  of  the  EcR-RXR/DNA  complex 
relied  on  the  same  EcR  protein  construct  (Figure  1  A)  and 
the  same  IR-1  DNA  sequence  (Figure  IE)  used  for  the 
EcR-USP/IR-1  complex.  The  RXR-DBD  used  was  an  80 
residue  DBD  fragment  derived  from  the  human  RXRa 
(residues  130-209),  which  contained  five  N-terminal 
residues  preceding  the  N-terminal  zinc-binding  cysteine, 
the  entire  66  residue  core  DBD  and  nine  residues  at  the 
C-terminus  beyond  the  GM  amino  acids  (residues  65  and 
66  in  Figure  1C)  that  constitute  the  C-terminal  boundary  of 
the  core  DBD  regions  of  all  nuclear  receptors.  These 
crystals  contain  a  single  complex  of  EcR-RXR  and  IR-1 
within  their  asymmetric  units,  and  diffracted  to  2.60  A 
resolution.  This  structure  was  solved  using  multiple 
anomalous  diffraction  (MAD)  phasing  derived  using  the 
anomalous  signal  from  the  zinc  ions  of  the  DBDs.  The 
refined  coordinates  were  used  subsequently  as  the  search 
model  to  solve  the  structure  of  the  EcR-USP/DNA 
complex  (described  above)  by  molecular  replacement. 
For  clarity,  we  rely  on  a  common  numbering  scheme  for 
EcR,  USP  and  RXR  from  hereon,  with  residue  numberings 
beginning  with  the  N-terminal  most  cysteine  coordinating 
the  Zn-I  module.  Table  I  summarizes  the  crystallographic 
data  and  refinement  statistics  for  both  complexes. 

Stereo  views  of  both  structures  and  the  protein-DNA 
contacts  are  shown  in  Figure  2 A  and  B,  and  a  super¬ 
position  of  the  EcR-USP/IR-1  and  EcR-RXR/IR-1  com¬ 
plexes  is  shown  in  Figure  2C.  Overall,  the  EcR-USP  and 


the  EcR-RXR  complexes  show  an  r.m.s.d.  of  0.67  A, 
when  calculated  over  the  entire  DNA  and  all  their  €a 
atoms.  A  side-by-side  comparison  of  these  two  complexes 
indicates  that  the  subunit  arrangements,  the  protein- 
protein  interactions  that  stabilize  the  heterodimer,  and 
the  protein-DNA  interactions  that  stabilize  each  subunit 
on  its  respective  half-site  are  generally  well  preserved  in 
these  two  structures  (Figures  2A  and  B,  and  3A-C). 
Furthermore,  the  EcRE  DNA  structure  in  both  complexes 
conforms  to  B-DNA  geometry,  lacking  significant  distor¬ 
tions,  except  at  the  spacer  where  there  is  similar  minor 
groove  narrowing  in  both  structures  (see  Figure  4C), 

Because  the  DNA  is  nearly  symmetric,  the  same  Zn-I 
and  Zn-II  modules  of  EcR  and  USP/RXR  are  brought  to 
the  subunit  interface.  These  regions  of  EcR  are  distinct  in 
sequence  from  their  counterparts  in  USP/RXR,  and  thus 
the  dimer  interface  uses  different  residues  from  each  of  the 
two  DBDs  despite  the  pseudo-symmetric  interactions 
between  the  EcR  and  USP/RXR  subunits.  This  observation 
is  in  contrast  to  those  made  in  the  case  of  GR-GR/IR-3  and 
ER-ER/IR-3  crystal  structures,  in  which  DBD  interactions 
use  identical  residues  from  each  subunit’s  Zn-II  sites  to 
form  perfectly  symmetric  interactions  (Luisi  et  al ,  1991; 
Schwabe  et  al ,  1993). 

The  A-box  region  in  EcR,  which  is  the  C-terminal 
extension  (CTE)  of  the  core  DBD,  forms  an  ordered 
helical  structure  in  the  EcR-RXR  complex,  but  this 
conformation  is  not  seen  in  the  EcR-USP  complex 
where  this  region  has  disordered  density  instead. 
Similarly,  the  Zn-II  regions  in  the  EcR-USP/RXR  com¬ 
plexes,  which  are  observed  here  to  contain  short  a-helices 
that  foster  dimerization  and  phosphate  DNA  binding,  may 
assume  different  conformations  in  the  uncomplexed 
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Fig.  2.  Overview  of  the  heterodimeric  protein  complexes  on  DNA. 
Stereo  views  of  (A)  the  EcR-USP/IR-1  and  (B)  the  EcR-RXR/IR-1 
complex.  Shown  are  side  chains  involved  in  direct  base  or  phosphate 
contacts  or  in  zinc  coordination.  The  residue  numbers  and  the  base  pair 
numbers  are  the  same  as  those  used  in  Figure  1.  The  two  5'-AGGTCA- 
3'  half-sites  are  in  lilac,  the  spacer  is  in  gold,  and  the  flanking  base 
pairs  are  in  gray.  (C)  Superposition  of  the  EcR-USP/IR-1  and  EcR- 
RXR/IR-1  complexes.  Shown  are  USP  (red)  and  EcR  (dark  blue)  DBDs 
bound  to  their  IR-1  (green),  as  well  as  RXR  (gold)  and  EcR  (light  blue) 
bound  to  their  IR-1  (gray).  The  central  base  pair  that  acts  as  a  spacer  is 
in  magenta,  and  the  zinc  ions  are  in  green.  Arrows  indicate  the  relative 
orientation  of  the  two  half-sites. 
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C  Minor  groove  width 


D  Minor  groove  binding  at  the  spacer 


Fig.  4.  The  subunit  interactions  and  role  of  DNA  minor  groove  in 
dimerization.  (A)  Stereo  view  of  the  dimerization  contacts  between 
USP  (red)  and  EcR  (blue).  (B)  Stereo  view  of  the  dimerization  contacts 
between  RXR  (gold)  and  EcR  (blue).  The  side  chains  of  the  residues 
that  make  the  dimer  contacts  are  shown  together  with  dotted  surfaces 
indicating  van  der  Waals  complementary  surfaces  and  dotted  lines  indi¬ 
cating  hydrogen  bonds.  Also  shown  are  the  backbone  DNA  in  green, 
the  base  pairs  in  gray  and  the  spacer  base  pair  in  gold.  The  N-  and 
C-termini  of  the  two  monomers  are  labeled,  and  the  zincs  are  indicated 
by  green  spheres.  (C)  The  minor  groove  width  of  the  response  element 
as  a  function  of  IR-1  sequence.  The  red  and  orange  lines  correspond  to 
the  EcR-USP  and  EcR-RXR  DNAs,  respectively.  Both  structures  show 
a  sharp  minimum  in  the  width  at  the  spacer,  the  location  in  which  inter¬ 
action  between  the  two  proteins  is  supported.  The  minor  groove  width 
values  were  derived  from  the  program  CURVES  (Lavery  and  Sklenar, 
1988),  which  records  the  inter-phosphate  distances  after  generating  a 
smoothed  curve  through  the  phosphate  atoms.  (D)  Stereo  view  of  the 
electron  density  at  the  minor  groove.  Also  shown  are  the  contacts  made 
by  EcR  to  the  phosphate  backbone  of  the  DNA  together  with  the  asso¬ 
ciated  water  molecules  (W)  located  in  the  spine  of  hydration  along  the 
minor  groove. 
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DBDs.  This  was  the  case  observed  in  the  GR,  where 
similar  helical  conformations  in  the  Zn-II  regions  were 
seen  in  the  GR  homodimer  DBD  complex  on  IR-3  DNA, 
but  not  seen  in  the  monomeric  GR-DBD  off  DNA  (Luisi 
et  al. ,  1991;  van  Tilborg  et  ah ,  1995). 

The  protein-DNA  contacts 

In  the  EcR-USP  complex,  a  total  of  3110  A2  of  water- 
accessible  surface  is  buried  in  DNA  binding,  1580  A2  of 
which  is  derived  from  the  binding  of  the  EcR  subunit,  and 
1530  A2  from  the  binding  of  USP.  In  the  EcR-RXR 
complex,  a  slightly  larger  area  of  3250  A2  is  buried,  in  part 
due  to  the  contribution  of  the  EcR  C-terminal  A-box  helix, 
which  is  not  ordered  in  the  EcR-USP  complex.  These 
values  are  in  line  with  those  associated  with  DR-1 
response  element  binding  by  RXR-RAR,  which  buries 
3200  A2  (Rastinejad  et  al. ,  2000),  and  involves  similarly 
sized  protein  subunits,  DNA  sequences  and  1  bp  spacing 
(Figure  5A-C). 

Interestingly,  the  pattern  of  hydrogen  bonds  between  the 
recognition  helices  and  the  AGGTCA  half-sites  varies  to 
some  extent  between  EcR,  USP,  RXR  and  the  previously 
characterized  RXR  subunit  of  the  RXR-RAR/DR-1 
heterodimer  (Figure  3)  (Rastinejad  et  al. ,  2000). 
However,  the  same  set  of  ‘hook’  residues  are  used 
consistently  in  all  of  these  cases,  with  their  exact 
hydrogen-bonded  partners  on  the  DNA  base  pairs  differing 
slightly  (Figure  3).  These  hook  residues,  consisting  of 
Glul9,  Gly20,  Lys22,  Arg/Lys26  and  Arg27  in  EcR,  USP 
and  RXR,  form  their  base-specific  contacts.  Importantly, 
the  central  AT  spacer  base  pair  is  involved  in  phosphate 
contacts  only,  and  not  major  groove  recognition  at  the  base 
pairs  (Figure  ID  and  E).  This  observation  is  consistent 
with  the  notion  that  the  spacer’s  influence  is  limited  to 
setting  the  correct  binding  site  geometry  in  the  response 
element  (Ozyhar  and  Pongs,  1993). 

The  dimer  interfaces 

Dimerization  of  DBDs  is  of  major  functional  significance 
for  RXR,  its  partners  and  the  steroid  receptors,  in  part 
because  dimerization  allows  the  formation  of  sufficiently 
extended  and  complementary  protein  surfaces  for  high 
affinity  and  selective  DNA  binding.  Figures  1,  4,  and  5G 
and  H  show  how  binding  of  one  subunit  at  its  half-site 
leads  to  facilitated  binding  of  the  adjacent  subunit  via 
protein-protein  interactions.  Due  to  the  single  base  pair 
spacer,  the  relative  orientation  between  the  subunits  is 
distinct  from  complexes  involving  steroid  receptors  GR 
and  ER,  and  as  such  brings  into  contact  the  Zn-I  modules 
of  both  proteins  in  addition  to  their  Zn-II  modules. 
Moreover,  there  are  clear  distinctions  with  previously 
studied  heterodimers  of  RXR-DBD  on  direct  repeats,  in 
which  the  upstream  subunit  relies  on  its  Zn-II  region  and 
the  downstream  subunit  relies  on  its  T-  and/or  A-boxes  for 
protein-protein  contacts  (Figure  5A-H)  (Khorasanizadeh 
and  Rastinejad,  2001;  Rastinejad,  2001). 


In  the  current  structures,  neither  subunit  relies  on  its  T- 
or  A-boxes  for  dimerization,  with  these  regions  instead 
being  pointed  towards  the  3'-  and  5'-flanking  sequences  of 
the  IR-1  element.  The  involvement  of  USP  T-box 
sequence  in  interactions  with  5 '-flanking  sequence  has 
been  suggested  previously  by  Grad  et  al.  (2001)  who 
analyzed  interactions  of  derivatives  of  the  natural  20E 
response  element  with  a  USP-DBD  protein  in  which  the 
C-terminal  region  was  deleted.  However,  a  deletion 
removing  the  A-box  of  EcR  disrupted  the  DNA  binding 
of  the  EcR-USP  (Niedziela-Majka  et  al. ,  2000),  which 
cannot  be  explained  by  our  crystallographic  results.  Any 
additional  role  for  the  EcR  A-box  in  dimerization  cannot 
be  ruled  out,  as  our  structure  allows  us  to  visualize  only 
seven  out  of  25  A-box  residues. 

In  the  EcR-USP  complex,  a  total  of  560  A2  of  water- 
accessible  surface  area  is  buried  between  the  subunits, 
whereas  all  previously  studied  DBD  homo-  and  hetero¬ 
dimers  bury  a  smaller  surface,  in  the  range  300-480  A2. 
Figures  4 A  and  B,  and  5G  and  H  show  the  detailed  dimer 
interface  in  the  EcR-USP  and  EcR-RXR  complexes, 
respectively.  These  dimerization  interfaces  rely  on  hydro¬ 
gen  bonds  between  subunit  residue  side  chains  as  well  as 
significant  complementary  surfaces  relying  on  van  der 
Waals  contacts.  Essentially  all  the  contacts  between  the 
subunits  are  conserved  between  the  EcR-USP  and  EcR- 
RXR  complexes. 

Cooperation  between  EcR  and  USP/RXR 

Nuclear  receptor  DBDs  do  not  form  homo-  or  hetero¬ 
dimers  in  the  absence  of  DNA  (Hard  et  al .,  1990;  Mader 
et  al ,  1993;  Perlmann  et  al. ,  1993;  Schwabe  et  al ,  1993; 
Zechel  et  al. ,  1994a).  Receptor  homo-  or  heterodimer 
formation  through  DBDs  is  strictly  dependent  and 
enhanced  by  the  cognate  DNA-binding  sites.  In  the 
heterodimeric  complexes  studied  here,  the  structures 
suggest  that  there  are  three  mechanisms  by  which  the 
IR-1  appears  cooperatively  to  enhance  the  dimerization 
between  the  EcR  and  the  USP/RXR  homologs.  First,  the 
same  Zn-II  regions  involved  in  the  formation  of  the  dimer 
interface  are  also  used  extensively  for  making  DNA 
contacts  (Figures  1A-C,  and  5G  and  H).  In  particular, 
residues  Arg51  and  Lys52  from  EcR  and  residue  Asn51  of 
USP  are  simultaneously  involved  in  both  dimerization  and 
DNA  binding  functions.  This  implies  that  DNA  binding 
and  subunit  dimerization  are  mutually  supportive. 

A  second  mechanism  by  which  the  DNA  enhances  the 
dimer  interactions  can  be  seen  in  Figures  4 A  and  B,  and 
5G  and  H,  showing  how  the  subunit  interfaces  are  in  part 
embedded  in  the  minor  groove.  Figure  4C  and  D  shows 
that  a  significant  minor  groove  distortion  is  associated  with 
the  spacer  AT  base  pair,  this  being  the  convergence  point 
of  the  protein-protein  interactions.  Importantly,  these 
minor  groove  widths  represent  sharp  departures  from 
standard  B-DNA  values,  and  are  associated  with  both  the 
EcR-USP  and  EcR-RXR  structures.  In  particular,  there  is 


Fig.  5.  Comparison  of  the  RXR-RAR  complex  on  DR-1  with  those  of  EcR-USP  and  EcR-RXR  on  IR-1.  Side-by-side  comparison  of  (A)  RAR-RXR/ 
DR-1  with  (B)  EcR-USP/IR-1  and  (C)  EcR-RXR/IR-1  complexes.  The  arrows  indicate  the  relative  orientation  of  the  half-sites  associated  with 
inverted  repeat  and  direct  repeat  response  elements.  Boxed  regions  are  shown  in  close-up  views  to  indicate  the  dimer  interfaces  in  (D)  RAR-RXR/ 
DR-1,  (E)  EcR-USP/IR-1  and  (F)  EcR-RXR/IR-1.  Also  shown  are  stereo  views  of  the  composite  omit  (2 F0  -  Fc)  electron  density  map  at  the  dimer 
interface  of  (G)  EcR-USP/IR- 1  and  (H)  EcR-RXR/IR- 1 . 
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Fig.  6 »  Comparison  of  EcR  complexes  with  other  DBD-DNA  complexes.  (A)  RXR  on  its  5'-AGGTCA-3'  site  from  EcR-RXR/TR-1  is  superimposed 
onto  RXR  on  its  downstream  5'-AGGTCA-3'  half-site  from  RXR-R  AR/DR-1,  (B)  EcR  from  the  EcR-RXR/IR-1  complex  is  superimposed  onto  TR 
(TR-RXR/DR-4)  and  VDR  (VDR-VDR/DR-3),  the  latter  of  which  are  from  downstream  half-sites  in  direct-repeats.  While  the  overall  fold  of  the 
receptors  and  their  placement  of  the  half-site  DNA  elements  are  very  similar,  the  notable  differences  (indicated  by  boxes)  can  be  attributed  to  the  use 
of  some  protein  regions  for  dimerization  contacts. 
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Fig.  7.  Sequence  comparison  of  nuclear  receptor  DBDs  and  the  conservation  of  their  protein-protein  and  protein-DNA  contacts.  The  zinc-coordinating 
cysteines  are  in  yellow,  and  the  regions  corresponding  to  the  Zn-I,  Zn-II,  helix  I  (recognition  helix),  helix-II  and  CTEs  are  labeled.  Blue  dots  indicate 
residues  that  are  involved  in  specific  DNA  binding,  and  red  squares  are  the  residues  that  form  the  hydrophobic  core  that  stabilizes  the  protein.  The 
residues  involved  in  dimer  contacts  are  shaded  in  blue  (RXR  and  USP)  and  green  (EcR).  Importantly,  all  of  the  DNA-binding  residues  are  fully  con¬ 
served  between  RXR  and  USP,  and  between  EcR,  and  FXRa  and  FXRp. 


Structure  of  ecdysone-ultraspiracle  DNA  complex 


a  4.3  A  minor  groove  width  in  the  EcR-USP  DNA  and  a 
<4.0  A  width  in  the  EcR-RXR  DNA.  The  reliance  on 
minor  groove  distortions  to  stabilize  dimer  binding  is 
reminiscent  of  the  RXR-RAR/DR-1  and  the  RevErb- 
RevErb/DR-2  complexes  on  their  cognate  DNA  targets 
(Rastinejad  et  al,  2000;  Sierk  et  al. ,  2001). 

A  third  mechanism  for  subunit  cooperation  is  evident  in 
Figure  ID  and  E,  which  shows  that  the  EcR-DBD  footprint 
on  DNA  extends  well  beyond  its  own  AGGTCA  site  to 
reach  over  both  its  3'-flanking  sequences  and  a  large 
portion  of  the  USP  half-site.  In  total,  the  EcR  footprint  in 
the  USP  complex  extends  over  a  region  totaling  13  bp,  and 
to  12  bp  in  the  RXR  complex  (Figure  ID  and  E).  This  is 
consistent  with  mutational  studies  which  identified  base 
pairs  within  the  USP  half-site  that  were  found  to  be  critical 
not  for  the  USP-DBD  binding  (as  a  monomer)  but  for 
effective  heterodimer  formation  (Grad  et  al .,  2001).  This 
extended  binding  mode  exhibited  by  EcR  may  contribute 
to  the  cooperativity  of  subunit  association,  by  reducing  the 
conformational  flexibility  at  the  USP  site  and  as  such  pre¬ 
paying  the  entropic  costs  associated  with  adjacent  site 
binding  by  USP.  A  similar  mechanism  based  on  tandem 
site  stabilization  has  been  suggested  as  the  basis  for  the 
cooperation  between  the  POU  domains  of  Oct-1  on  DNA, 
as  well  as  the  binding  of  the  RXR-RAR  heterodimer  on 
DNA  (Klemm  and  Pabo,  1996;  Rastinejad  et  al.,  2000). 

Comparison  with  other  nuclear  receptor  DBDs 

Figure  5A-F  shows  how  RXR-DBD  and  USP-DBD, 
derived  from  the  RXR-RAR,  EcR-USP  and  EcR-RXR 
crystal  structures,  form  their  respective  dimerization 
contacts  on  DR-1  and  IR-1  elements.  Importantly,  the 
C-terminal  extension  (T-box)  of  the  RXR-DBD,  used 
extensively  in  heterodimeric  interactions  with  RAR  on  the 
DR-1  complex,  is  not  used  similarly  in  the  EcR  complex 
on  IR-1  (Figure  5D-F).  Moreover,  the  Zn-I  and  Zn-II 
regions  used  in  both  the  EcR-USP  and  EcR-RXR 
complexes  on  IR-1  are  not  used  for  heterodimerization 
with  RAR  on  DR-1.  Therefore,  RXR/USP  are  able  to  use 
distinct  regions  of  their  DBDs  for  forming  dimerization 
contacts  on  DR-1  and  IR-1.  These  crystallographic 
observations  are  supported  by  previously  reported  bio¬ 
chemical  studies  that  rely  on  gel  shift  experiments  with 
RXR,  RAR,  USP  and  EcR  DBDs  (Lee  et  al. ,  1993;  Zechel 
et  al. ,  1994a,  b;  Niedziela-Majka  et  al,  2000).  Specifically, 
when  the  T-box  residues  of  USP  (KREAVQEERQR)  are 
deleted  from  the  DBD,  USP  is  still  able  to  form  its 
cooperative  interactions  with  EcR  on  IR-1  (Niedziela- 
Majka  et  al.,  2000),  as  predicted  from  the  structures  shown 
in  Figure  5B,  C,  E  and  F.  However,  a  deletion  within  the  T- 
box  of  mRXR  (removing  the  residues  EERQR  and 
beyond)  prevents  RXR  from  forming  a  protein-protein 
interaction  with  RAR  on  DR-1  (Zechel  et  al.,  1994a,  b), 
consistent  with  its  importance  in  the  RXR-RAR/DR-1 
complex  (Figure  5A  and  D).  A  similar  T-box  mutation  in 
hRXR-DBD  (removing  the  sequences  VQEERQR  and 
beyond)  also  diminishes  the  ability  of  RXR  to  form 
cooperative  homodimers  on  DR-1  (Lee  et  al.,  1993). 

To  see  how  the  RXR-DBD  subunits,  derived  from  the 
EcR-RXR  and  RAR-RXR  DBD  complexes  (Figure  5A- 
C)  adjust  their  conformations  to  adapt  their  partners  and 
DNA  elements,  we  superimposed  their  backbone  struc¬ 
tures  on  half-sites  in  Figure  6A.  The  boxed  areas  in 


Figure  6 A  show  the  major  differences  in  conformation, 
which  correspond  to  two  regions  both  of  which  are 
involved  in  the  formation  of  their  respective  heterodimeric 
complexes.  These  are  the  C-terminal  extension  of  the 
DBD,  used  for  heterodimeric  interactions  with  RAR  on  the 
DR-1  complex,  and  the  Zn-II  region  used  in  heterodimeric 
interactions  in  the  EcR  complex.  Interestingly,  the  T-box 
of  RXR,  which  has  also  been  shown  to  be  an  a-helix  in  the 
absence  of  DNA  (Holmbeck  et  al,  1998),  adopts  a 
conformation  not  seen  in  the  current  structures  or  in  any  of 
the  RXR-RXR  and  RXR-RAR  complexes  previously 
observed  bound  to  DR-1.  These  differences  provide 
further  evidence  that  adaptable  surfaces  in  nuclear 
receptor  DBDs  readily  undergo  structural  rearrangements 
that  help  accommodate  their  association  with  their 
dimerization  partners  and  response  elements. 

As  noted  above,  the  EcR  subunit  associated  with  the 
RXR  complex  described  here  showed  an  a-helical  struc¬ 
ture  in  its  A-box  region.  To  see  how  the  EcR-DBD 
compares  with  other  steroid  and  non- steroid  DBD  struc¬ 
tures  previously  reported  to  contain  a-helical  A-boxes 
within  their  C-terminal  extensions,  we  superimposed  their 
half-complexes  in  Figure  6B.  This  comparison  used  only 
the  VDR  (from  the  VDR  homodimer)  (Shaffer  and 
Gewirth,  2002)  and  TR  (from  TR-RXR)  (Rastinejad 
et  al. ,  1995),  as  similar  helical  regions  had  not  been 
observed  in  other  DBD  co-crystal  structures.  The  VDR 
and  TR  subunits,  which  are  both  positioned  in  the 
downstream  half-site  of  direct  repeat  complexes,  use 
their  respective  C-terminal  helices  to  form  protein-protein 
and  protein-DNA  interfaces  that  stabilize  their  respective 
complexes.  In  the  case  of  EcR,  this  helical  region  is  not 
near  the  dimer  interface  and  is  instead  directed  5'  to  the 
half-site.  Moreover,  the  helical  region  was  visualized  here 
only  in  the  EcR-RXR  complex  and  not  in  the  EcR-USP 
complex. 

Discussion 

While  the  binding  of  a  heterodimer  to  a  symmetric 
response  element  has  been  observed  with  other  transcrip¬ 
tion  factors,  this  form  of  subunit  association  has  never 
before  been  observed  in  the  nuclear  receptor  family.  As 
there  is  a  high  level  of  amino  acid  sequence  conservation 
between  RXR  and  USP  DBDs,  together  with  the  obser¬ 
vation  that  RXR  and  USP  can  substitute  for  each  other  in 
DNA  binding  with  EcR  (Yao  et  al,  1992;  Vogtli  et  al, 
1998),  we  also  studied  the  crystal  structure  of  the  EcR- 
RXR/IR-1  complex.  USP  and  RXR  differ  in  only  six 
residues,  and  our  findings  indicate  that  structural  deter¬ 
minants  for  EcR  and  DNA  binding  are  well  conserved  in 
USP  and  RXR  (Figure  7). 

Like  EcR,  FXR  also  forms  heterodimers  with  RXR  that 
bind  to  IR-1  sites  (Forman  et  al,  1995;  Laffitte  et  al., 
2000).  Our  phylogenetic  analysis,  using  members  of  the 
superfamily  and  focused  strictly  on  the  portion  of 
receptors  including  the  DBDs  and  30  residues  at  the 
CTE,  indicate  that  EcR  is  most  closely  related  to  FXR. 
Within  the  core  DBD  of  66  residues,  which  contains  all  of 
the  determinants  of  EcR  binding  to  DNA  and  USP,  there 
are  only  eight  non-conserved  residues  between  EcR  and 
FXR  (Figure  7).  None  of  the  non-conserved  residues  in 
FXR  fall  at  sites  used  for  response  element  binding  or 
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subunit  dimerization  by  EcR  in  its  IR-1  complexes. 
Moreover,  Figure  7  shows  that  the  critical  interacting 
residues  in  EcR  are  equally  shared  with  both  hFXRa  and 
mFXRp,  but  not  with  other  receptors.  Therefore,  it  is 
likely  that  the  current  structure  of  EcR-RXR  closely 
mimics  the  mode  of  subunit  interactions  used  by  the  FXR- 
RXR/IR-1  complex. 

In  addition,  the  Drosophila  receptor  DHR38  is  also 
known  to  form  heterodimers  with  USP  (Henrieh  et  al, 
1994;  Sutherland  et  al ,  1995;  Baker  et  al ,  2003). 
However,  DHR38  appears  much  more  closely  related  to 
the  human  NGFI-B  than  to  either  EcR  or  FXR,  The 
sequence  alignment  in  Figure  7  shows  that  the  determin¬ 
ants  of  dimerization  with  USP  used  by  EcR  are  not  at  all 
conserved  in  DHR38.  These  findings  would  suggest  that 
USP-DHR38  either  use  other  types  of  DNA  response 
elements,  or  form  an  altogether  different  set  of  protein- 
protein  interactions  than  described  here  in  the  EcR 
complexes.  Figure  7  also  shows  that  while  the  known 
determinants  of  DBD  dimerization  in  GR,  ER,  RevErb, 
VDR,  RAR  and  TR  involve  to  some  extent  the  Zn-II 
regions,  the  residues  used  differ  in  sequence  and  position. 

The  nuclear  receptor  USP  is  required  in  multiple  tissues 
of  the  organism  at  various  stages  of  metamorphosis.  All 
these  factors  together  implicate  USP  as  a  regulator  of 
multiple  pathways  in  Drosophila ,  It  is  also  known  that 
mutations  in  USP  result  in  complex  embryonic  and  adult 
phenotypes,  making  it  a  vital  factor  involved  in 
Drosophila  development.  This  pleiotropy  could  be  based 
on  the  interaction  of  USP  with  other  factors  involved  in 
development,  reminiscent  of  the  role  of  mammalian  RXR 
in  regulating  multiple  pathways.  It  is  interesting  to  note 
that  while  these  two  receptor  homologs  do  not  share  the 
same  ligand-binding  properties,  they  nevertheless  each  act 
as  a  common  dimerization  partner  for  multiple  other 
nuclear  receptors  in  flies  or  mammals. 

Because  EcR  relies  on  both  an  inverted  repeat  target  and 
heterodimerization,  this  receptor  has  characteristics  typ¬ 
ical  of  both  steroid  and  non-steroid  receptors,  and  may  be  a 
clear  evolutionary  link  between  vertebrate  steroid  and 
non-steroid  receptors.  Apart  from  the  degenerate  palin¬ 
dromic  elements,  the  EcR  dimer  also  activates  transcrip¬ 
tion  in  vivo  through  direct  repeats  (D’Avino  et  al. ,  1995). 
Since  it  is  evident  that  EcR  is  functional  only  in  the 
presence  of  USP,  this  implies  that  the  two  subunits  are 
capable  of  dimerizing  on  a  variety  of  response  elements. 
At  a  physiological  level,  this  versatility  could  be  the 
mechanism  through  which  they  regulate  multiple  path¬ 
ways,  At  a  molecular  level,  this  further  supports  the  notion 
that  flexible  and  adjustable  dimerization  surfaces  in  DBDs 
are  responsible  for  their  cooperation  on  various  response 
elements. 


Materials  and  methods 

Crystallization  and  data  collection 

The  DBDs  of  EcR,  USP  and  RXR  were  expressed  in  Escherichia  coli  as 
fusions  with  GST,  using  pGEX-2T  (USP,  EcR)  and  pGEX-4T  (RXR) 
vectors  (Pharmacia)  (Rastinejad  et  al ,  1995;  Niedziela-Majka  et  al, 
1998).  The  proteins  and  the  two  oligonucleotide  strands  corresponding  to 
IR-1  were  purified  as  described  previously  (Zhao  et  al .,  2000;  Niedziela- 
Majka  et  al .,  2001),  Samples  of  EcR-RXR  co-crystallization  contained 
DNA  and  the  two  proteins  at  concentrations  of  0.5  mM  each.  Crystals 
were  grown  using  hanging  drops  at  9°C  by  addition  of  2  pi  of  the  complex 


to  an  equal  volume  of  a  solution  containing  12-14%  PEG  3350,  50  mM 
MgS04,  50  mM  Li2SG4,  5  mM  dithiothreitol  (DTT),  10  mM  MgCl2, 
0.1  M  MES  pH  5.6.  Crystals  were  streaked  through  a  cryo-solvent 
solution  containing  the  reservoir  solution  supplemented  with  20% 
glycerol,  and  flash  frozen  in  liquid  nitrogen.  Diffraction  data  were 
collected  on  these  frozen  crystals  under  a  stream  of  liquid  nitrogen  at 
100  K,  at  the  Argonne  National  Laboratory  at  beamline  SBC-CAT  19ID. 
The  DBDs  contain  two  zinc  ions  each,  which  were  used  to  obtain  MAD 
data  at  three  different  wavelengths  (1.2834,  1,2837  and  1.2155  A) 
corresponding  to  the  zinc  peak,  inflection  and  a  remote  wavelength.  The 
crystals  diffracted  to  a  resolution  of  2.60  A  and  ciystallized  in  the 
orthorhombic  space  group  {P2X2X2 u  a  ~  55,62,  b  =  60.25,  c  -  1 15.00). 

The  EcR-USP  complex  was  crystallized  with  the  same  IR-J  response 
element.  Crystals  were  grown  using  hanging  drops  at  9°C  by  addition  of 
2  pi  of  the  complex  (0.5  mM)  to  an  equal  volume  of  a  solution  containing 
4-8%  PEG  3350,  100  mM  NaCl,  5  mM  DTT,  10  mM  Mg€l2  and  0,1  M 
MES  pH  5.6.  Crystals  were  streaked  through  a  cryo-solvent  solution 
containing  the  reservoir  solution  containing  20%  glycerol,  and  flash 
frozen  in  liquid  nitrogen.  X-ray  diffraction  data  were  collected  on  these 
frozen  crystals  under  a  stream  of  liquid  nitrogen,  at  the  BNL-X4A 
beamline.  The  crystals  diffracted  to  2.24  A  and  crystallized  in 
orthorhombic  space  group  (P2i2i2b  a  =  50.37,  b  =  59.98,  c  =  113.57). 
All  the  data  collected  were  integrated  and  scaled  using  HKL2000 
(Otwinowski  and  Minor,  1997). 

Structure  determination 

Phases  were  calculated  from  the  data  obtained  from  the  EcR-RXR 
crystals  using  SOLVE  (Terwilliger  and  Berendzen,  1999)  and  resulted  in 
a  figure  of  merit  of  0.61  (for  data  to  3.0  A  resolution).  SOLVE  identified 
the  positions  of  all  four  zinc  ions  in  the  complex.  RESOLVE  and  DM 
(CCP4)  were  used  for  solvent  flattening  and  density  modification, 
improving  the  quality  of  the  map.  These  phases  were  used  to  calculate  an 
initial  3.0  A  electron  density  map,  which  was  readily  interpretable  in 
terms  of  the  DNA  duplex  and  the  backbone  chains  of  both  the  proteins.  A 
partial  model  consisting  of  the  core  DBDs  of  both  the  proteins  (with  side 
chains  for  the  conserved  residues)  and  most  of  the  DNA  duplex  was  built 
using  the  program  O  (Jones  et  al ,  1991).  The  model  was  partially  refined 
in  CNS  (Brunger  et  al. ,  1998)  by  rigid  body  refinement,  simulated 
annealing  and  energy  minimization.  The  refined  model  provided 
improved  maps  which  made  it  possible  to  distinguish  between  the  two 
proteins.  All  the  side  chains  in  the  core  DBDs  were  gradually  added  and 
the  model  was  refined  to  R-  values  of  38  and  32%  (Bfree  and  ^-factor).  This 
model  was  used  as  the  search  model  for  molecular  replacement  to  obtain 
the  EeR-USP  structure.  The  entire  complex  including  the  zinc  atoms,  the 
two  subunits  and  the  DNA  was  used  as  the  search  model  for  molecular 
replacement.  Molecular  replacement  was  carried  out  using  MOLREP 
(CCP4)  and  gave  a  clear  solution  with  a  correlation  coefficient  of  0.40  and 
an  /^-factor  of  45%. 

Both  models  were  refined  in  CNS  with  successive  rounds  of  rigid-body 
refinement,  simulated  annealing  and  energy  minimization  (Brunger  et  al , 
1998).  Initially  tight  restraints  were  imposed  for  Watson-Crick  DNA 
base  pairing  and  the  planarity  of  the  atoms  in  the  bases  (Parkinson  et  al , 
1996).  In  addition,  all  the  residues  in  the  5'-subunit  in  the  EcR-RXR/IR-1 
model  were  changed  to  correspond  to  those  in  USP.  Improved  maps 
helped  visualize  residues  beyond  the  core  DBD  in  all  the  proteins.  The 
tight  restraints  subsequently  were  released,  followed  by  multiple  tounds  of 
manual  rebuilding  and  refinement  in  CNS  including  individual  B-factor 
refinement.  Solvent  molecules  were  added  to  the  model  using  Arp  waters 
(Cowtan,  1994),  and  the  model  refined  to  B-values  as  shown  in  Table  I. 
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